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The field vole, Microtus guentheri, has 
recently been shown to be susceptible to 
Plasmodium berghei, which gives rise to 
a relatively benign, transient infection 
in this host, in contrast to the severe, 
fatal infection observed in white mice 
and in most hamsters (Adler, Yoeli and 
Zuckerman, 1950). A striking feature of 
the infection in voles is the fact that 
they are capable of eradicating the para- 
site completely several weeks after the 
termination of microscopically demon- 
strable parasitemia. This is shown by 


the noninduction of relapse by splenec- 


tomy of the cured voles, and by the non- 
infectivity of the cured vole tissues to 
the highly susceptible mouse (Zucker- 
man and Yoeli, 1951). It was further 
shown in the same study that the pres- 
ence of the spleen is essential to the 
efficient functioning of both innate and 
when this host- 
parasite combination is employed, and 


acquired immunity 
that splenectomy leads to death when 
performed at any time before or during 
initial latency. 
During a critical period some weeks 


infection or early in 
after initial exposure to the parasite, 
splenectomy was equally likely to be 
followed by death, by a protracted, low- 
grade, chronic infection, or by no re- 
lapse (i.e., cure). All 7 voles splenecto- 
mized after this critical period were 
found to have undergone radical cure. 
In view of the high rate of cure ob- 


Received for publication July 28, 19£2. 
The devoted assistance of Mrs. H. Gilad and 
Mr. E. Meerovitz is gratefully acknowledged 


served in P. berghei infections in voles, 
this host-parasite combination was con- 
sidered worthy of more detailed study, 
and a 


undertaken of im- 


mune reactions particularly during and 


survey was 
after the critical period in the develop- 
ment of acquired immunity. Single or 
multiple superinfections were adminis- 
tered after initial infection had become 
latent, either before or after splenec- 
tomy, or both. A definite measure of re- 
sidual immunity has thus been shown 
to be retained by the host after total 
eradication of the parasite. 


MATERIALS AND METHODS 


Techniques and standards adopted in our pre- 
vious study (Zuckerman and Yoeli, 1951) were 
employed throughout, with slight modifications. 
Thus, mouse and not rat erythrocytes were used 
as inoculum in the present study. Forty million 
intra- 
peritoneally, remained the standard inoculum 


parasitized erythrocytes, administered 
both in initial infections and in superinfections. 
Parasitemias following superinfection could thus 
conveniently be compared with those following 
initial infection in the same animal or in un- 
treated controls. 

Giemsa-stained blood films were examined 5 or 
6 times a week during patent periods and for at 
least 2 weeks following splenectomy or super- 
infection, and 2 or 3 times a week during chronic 
or latent periods. 

Results were expressed as numbers of para- 
sitized erythrocytes per 10,000 erythrocytes, but 
a negative microscopic result was not recorded 
until at least 50,000 erythrocytes had been ex- 
amined. This course was considered necessary in 
view of the extremely low parasitemias observed 
in some initial infections and particularly in 
chronic infections, since it served to reveal differ- 
ences between the chronic state and cure, which 
might have been overlooked had fewer cells been 
examined. 
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Three consecutive negative examinations fol- 
lowing a patent period were considered to indi- 
cate latency. 

Mice inoculated with vole tissues suspected of 
cure were examined severa! times a week for at 
least 3 weeks before a negative diagnosis was 
made. As few as 40 parasitized red cells have 
regularly been found to initiate fatal infections 
in our strain of white mouse, with patent 
parasitemias commencing within a week after in- 
oculation. 


EXPERIMENTAL 


Criteria for cure, discussed at length 
in our previous study (1951), may be 
briefly summarized as follows: 

1. Splenectomy was followed by no 
demonstrable relapse. 

2. Tissues from voles suspected of 
cure (spleen or/and cardiac blood) were 
noninfective to susceptible mice. 

3. Mice surviving the inoculation of 
vole tissues were as susceptible to chal- 
lenge inoculations of P. berghei as clean 
mice. 

The chronic state is here defined, as 
in our previous study, as the type of 
low-grade, persistent infection, char- 
acterized by alternating periods of 
latency and patency, developing after 
the spleen is removed from uncured 
voles already possessing a certain degree 
of acquired immunity. 

Initial, untreated infections in the 
present group of 45 voles were similar 
to but in general somewhat milder than 
those described in our earlier study, as 
may be seen from table 1 and from 
section B of figure 1. The basic charac- 
teristics formerly described are, how- 
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ever, clearly exemplified in the present 
material, viz., relatively benign, tran- 
sient, low-grade parasitemia, with a low 
mortality rate, and a tendency to short, 
spontaneous relapses early in latency. 

After their initial infection, 45 voles 
were subjected to superinfection (single 
or multiple) and splenectomy in varying 
order, at or after the critical period of 
acquisition of immunity during ad- 
vanced latency. Such data were studied 
in groups according to the number and 
order of experimental manipulations, as 
follows: (i.i.: initial infection; 
splenectomy; sup.: superinfection). 

I. Superinfection and subsequent 
manipulations of intact voles. 
1. i.i., sup. 
2. i.i., Sup., sup. 
3. i.i., sup., sup., spl. 
4. i.i., sup., sup., spl., sup. 
Superinfection of splenectomized 
voles. 
5. i.i., spl. 
6. i.i., spl., sup. 
7. ii., spl, sup., sup. 

Data on each of groups I and II were 
cumulative, and each subsection deals 
in detail only with the final manipula- 
tion listed in the title. But information 
concerning preceding manipulations of 
the same voles is contained in preceding 
subsections of the same group. 


spl.: 


1. Experiments based on the paitern: 
initial infection, superinfection 

Fourteen intact voles were superin- 

fected with standard inoculums at vary- 


TABLE 1,—Comparison of initial, untreated infections of P. berghei in 37 voles (M. guentheri) 
studied in 1951 (Zuckerman and Yoeli, 1951) and in 45 voles in the present study. 


Mild 
infections 
becoming 

latent 
within a 
fortnight 


Fatal 
cases 


Low- 
grade 
relapses 
early in 
latency 





1951 (37 voles) 
Number 29 
Percent 78 


Peak parasitemias 


Severe 
chronic 
20 +% 


Mild oy Moderate 


<1% 1-19% 


12 12 
32 32 





1952 (45 voles) 
N umber 40 
Percent 89 


33 7 
73 16 
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Fic. 1.—Initial, untreated infections (A) and superinfections (B) of M. guentheri with identical 
inoculums of P. berghei. The control group, A, consisted of 8 voles, and the 3 infections illustrated 
(voles 9, 14, and 15) cover the entire range of duration and severity in this group. Five 
of the 8 had mild infections with peak parasitemias below 1%, as in the case of vole 9. One of the 8 
vole 14, had a moderate infection with a peak of 9%, leading to latency. Two of the eight had severe 
infections with peaks above 20% and terminating in death, as in the case of vole 15. In superinfec- 
tions in group B, a single parasitized cell was seen per 50,000 red cells on the 5th, 7th, 14th and 26th 
days, respectively, in each of 4 cases. In 4 other voles superinfected with identical inoculums, no para- 


sites were ever observed in numerous films taken during the month following superinfection. 


ing times following the recession of un- 
treated initial infections with P. berghei. 
Twenty clean voles, concurrently re- 
ceiving initial doses of the same inocu- 
lum, served as controls (table 2). Figure 
1 compares infections 


with those obtained following super- 


initial control 
infection in one such experiment (groups 
A and B, table 2). 

Due to the extremely low number of 
parasites observed during the month fol- 
lowing superinfection, infection courses 
could not be compared by means of peak 
parasitemias and periods of duration. 
Instead, the total number of parasites 
observed during the 28 days following 
initial inoculation in the experimental 
animals and in controls was compared 
with the number following superinfec- 
tion in the experimental animals. 

Superinfection parasitemias were neg- 
ligible when thus compared with either 


the previous initial infections of the 
same animals, or with initial control in- 
fections induced with identical inocu- 
lums. As superinfection could obviously 
be carried out only in animals surviving 
initial infection, fatal control infections 
of voles 15 and 16 in group B may be 
disregarded for the purpose of this com- 
parison. Identical inoculums yielded in- 
fections of different types in untreated 
controls and im superinfected voles. 
Since those in the controls resembled 
initial infections in the voles now super- 
infected, while those in the latter were 
negligible, this difference was not due 
to inherent incompatibility of the super- 
infected voles and the parasite, but to 
immunity acquired following initial in- 
fection. The degree of immunity follow- 
ing superinfection was not a function of 
the severity of the initial infection. 
The 4 parasites observed after super- 


infection in a representative group 
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Parasitemias following superinfection of P. berghei in M. guentheri compared with 


initial infections in the same animals or with those induced in control animals by inoculums 
identical with those employed in superinfection. Groups B and D are controls to super- 


infections in groups « 


Superinfection, 


Group 
infect 


50 
50 
50 
50 
50 
50 
50 
50 


A superinfection) 


SUI AUNe ane 


B (initial infection) 


C (superinfection) 


D (initial infection) 


* Died after initial infection 


(figure 1, B) appeared on the 5th, 7th, 
14th and 26th days, respectively. This 
suggests that parasites are maintained 
in the superinfected vole for an ex- 
tended period at a submicroscopic level, 
with an occasional shower circulating in 
numbers sufficient to be detected by our 
standard technique. 

Whether the voles immune to super- 
infection latent at the 
time of superinfection was of particular 


were or cured 
interest. Since information was required 
on the responses of intact voles, cure 
could not be demonstrated with the aid 
of splenectomy before superinfection, 
i.e., by the non-induction of relapse. It 
was also considered undesirable to bleed 
of super- 
infection in order to determine the in- 


this group animals before 


fectivity of their bloods, since the im- 


Initial 


1 and C, respectively. 


Total no. parasitized red cells 

days after seen during 28 days after 
Initial 

infection 


Onset of 
latency 


Super- 
ion infection 
15 
32 
938 
76 
44 
20 
194 
74 


4 

122 

176 

293 

384 

22,226 
92 ,587* 
119 ,080* 


1,685 
45 


4,921 
686 
20 


All other voles survived initial infections and superinfections. 


mune mechanism might possibly be dis- 
turbed by the operation. Cure was as- 
sumed to have taken place in a signif- 
icant number on the basis of studies on 
other voles splenectomized instead of 
the 
same intervals following initial infection 
(table 4, columns 6, 7, 8). Judging from 
such data, radical cure prior to super- 
infection must certainly have taken 
place in the 6 voles in group C, table 2 


superinfected at approximately 


(similar to group C, table 4). Cure may 
further be assumed with a reasonable 
degree of confidence in at least 3 of the 
4 voles 5 through 8 in group A, table 
2 (similar to group B, table 4); and it 
may have taken place even in 1 or 2 
among voles 1 through 4 in group A, 
table 2 (similar to group A, table 4). 


Thus a clear majority of the super- 
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Relapses following splenectomy of 10 voles (1 through 21) 21 or 24 days after second 


superinfection with P. berghei as compared with initial infections following splenectomy 
in 5 control voles (35 through 39). 


Chances that redical 
cure had occurred 
before first 
superinfection 


Vole no 
parasite was 


Fair 36 
Fair 140 
Fair 128 
Fair 74 
Good 140 
Good 140 
Good 148 
Good 95 
Excellent 4 
Excellent 133 


—SONOUE WN 


infected voles in table 2 may be con- 
sidered with reasonable justification to 


have undergone radical cure before 


superinfection. 


A high degree of immunity to super- 


infection thus exists in voles either with 


a submicroscopic latent infection or 
during the first few weeks after radical 
cure of untreated initial infections with 


P. berghei. 


2. Experiments based on the pattern: 
initial infection, superinfection, 
superinfection 

These experiments were done to de- 
termine whether a first superinfection 


TABLE 4. 


Splenectomy performed 


Days since last 
second super- 
seen in blood 


Peak parasi- 

Outcome of temia during 

infection after fortnight after 

splenectomy splenectomy 
infection (%) 


Days since 


Cure 
Cure 
Cure 
Cure 
Cure 
Chron 
Cure 
Chronic 
Death 
Cure 
Death 
Death 
Death 
Death 
Death 


enhances immunity to further super- 
infection in intact voles infected with 
P. berghei. Thirteen of the voles dis- 
cussed in section 1 (1 to 8 in group A, 
table 2, and 17 to 21 in group C) re- 
ceived an additional standard inoculum 
80 days (group A) or 35 days (group C) 
after first 


124 
group A during the subsequent 20 days 


their superinfections, re- 


spectively. In films examined in 
not a single parasite was found. One 
parasite was seen in group C following 
the second superinfection (in vole 18 on 
the 20th day) among 69 films examined. 

Immunity to second superinfection 
was thus at least as strong as immunity 


Initial infections and relapse infections or cure following splenectomy of 23 voles 


splenectomized at varying intervals after the inoculation of P. berghei. 


Initial infections in intact 
voles 


Outcome of infections during first 2 or 3 
Splenec- weeks following splenectomy 
tomy 
done, 
days 
after 
inoculation 


Mean peak 
parasitemia 
during 16 
days after 
splenectomy 
(%) 


Mean 


Group peak 


Mean 
days 

para- . 
sitemia dura- 
(oF tion 


) 
G 


No. of 
voles 
splenec- 
tomy* 


Death 17.0 
Chron 4.1 
Cure 0 


A (voles 40 through 47) 0.06 18.9 


Death 
Chronic 0.1 
Cure 0 


B (voles 23 through 28, 
30, 32, 34) 


Death 0 
Chronic 0 
Cure 6 0 


C (voles 9 through 14) 


* Brief relapses frequently occurred during the first week of latency. Latency was measured from the last such relapse 
rather than from the first negative record. 
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to primary superinfection. But even 
prolonged microscopic examination can- 
not reliably determine whether para- 
sites were simply submerged to a sub- 
microscopic level or were totally eradi- 
cated after either superinfection. 
Further information on this point was 
obtained by  splenectomizing intact 
superinfected voles, and these results 
are discussed in succeeding sections. 


3. Experiments based on the pattern: 
initial infection, superinfection, 
superinfection, splenectomy 


In order to determine whether the 
immune mechanism demonstrated in 
sections 1 and 2 had eradicated the 
parasites introduced at superinfection, 
10 of the 13 intact voles which had 


undergone 2 superinfections (table 2, 
group A, 1 through 8 and group C, 18 
and 21) were splenectomized 21 days 
(group A) and 24 days (group C) after 
their second superinfection. Parasites 


were sought on 10 of the 13 days follow- 
ing the operation. Postsplenectomy in- 
fections of experimental voles are 
compared with those of splenectomized 
controls in figure 2 and in table 3. 

All presumptive cures were checked 
by the noninfectivity of the entire 
spleen, ground in saline and inoculated 
intraperitoneally into a single mouse, 
later proven nonimmune to superinfec- 
tion by challenge inoculation terminat- 
ing fatally. Relapse following splenec- 
tomy was, however, a more delicate 
test of non-cure than the infectivity of 
such a spleen. Thus, while both relapse 
and spleen infectivity were observed in 
voles 6 and 18, vole 8 relapsed although 
its spleen was not infective. 

Voles splenectomized about 3 weeks 
after a second superinfection proved to 
have acquired significant immunity to 
P. berghei before the operation. Seven 


cures, 2 chronic cases and 1 death, 
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followed splenectomy, as compared 
with 5 deaths in 5 controls splenecto- 
mized before inoculation, and in which 
acquired immunity can therefore be 
ruled out. Vole 18, which relapsed and 
died after splenectomy, had regained 
susceptibility although it had probably 
cured its initial infection and had been 
immune to superinfection. Immunity in 
this group was more effective than that 
in a group splenectomized after the re- 
cession of an initial infection without 
any intervening superiniection (3 cures, 
4 chronic cases, 1 death, cf. table 4, 
section A). The period elapsing since 
the known presence of viable parasites 
in the 2 groups was similar. 

Radical cure of initial infections 
(probably associated with suspension of 
efficient functioning of acquired im- 
munity) favored later inadequacy in 
controlling parasitemias after super- 
infection; whereas uninterrupted la- 
tency after initial infection and before 
superinfection favored rapid control of 
parasitemia after superinfection. 


4. Experiments based on the pattern: 
initial infection, superinfection, 
superinfection, splenectomy, 
superinfection 

Nine voles surviving splenectomy 
after 2 superinfections (cf. section 3), 
of which 2 were chronic and 7 were 
cured prior to the operation, together 
with vole 22, chronic following splenec- 
tomy after a single superinfection, now 
received a standard inoculum of P. 
berghei 14 days after splenectomy. Sub- 
sequent parasitemias in these voles 
(excluding 22) are presented in figure 2, 
section A. 

Voles chronic at splenectomy (6, 8, 
22) maintained low-grade, intermittent 
infections for many months following 
superinfection. The latter had little 
effect on subsequent parasitemias, 
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SERESEEREVEXT TT 
13 e r 
DAY PARASITES APPEARED IN BLOOD 
Fic. 2.—Parasitemias (A) following splenectomy and subsequent superinfection of voles previously 
hyperimmunized against P. berghei, and (B) of unexposed, splenectomized controls. The abscissa 
in section A represents days after splenectomy, in section B, days after inoculation. Short, isolated 
periods are presented in section A to illustrate the low, persistent, intermittently patent and latent 

character of the chronic state. 
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which remained lower than during the 
2 weeks following splenectomy before 
superinfection. 

The 7 voles cured as demonstrated by 
splenectomy all became infected follow- 
ing 
chronic 


maintained 
many months 
thereafter. All (except 21, which was 


superinfection, and 


infections fer 


killed by accident) possessed a degree 
of acquired immunity at least sufficient 
to prevent death from superinfection 
following splenectomy. In about half 
a severe attack followed superinfection 
the was 
reached, while the rest were immedi- 


before stable chronic state 
ately capable of reducing parasitemias 
following superinfection to negligible 
proportions. 

This residual immunity of voles cured 
after superinfection and before splenec- 
tomy insufficient to prevent 


patency following superinfection after 


was 


splenectomy, and the ensuing chronic 
state was shown to be of long duration. 
After the following super- 
infection microscopically negative peri- 
weeks’ 


fortnight 


duration were 
intermittently interrupted by the ap- 


ods of several 
pearance of a few circulating parasites. 
Relapse peaks were below 0.1% in all 
but 1 case (vole 3 with a peak of 1.8%). 

The chronic nature of these infections 
was tested 207 days after splenectomy, 
when 0.2 to 0.4 ml of cardiac blood from 
each of surviving voles 1, 2, 4, 5, 6, 7, 
8 and 22 was inoculated into clean mice. 
This was done 61, 54, 47, 68, 190, 169, 
68 and 103 days, respectively, since the 
last parasite had been seen in a blood 
film. (No films were examined during 
the last 46 days before the bleedings.) Of 
the 8 mice thus inoculated, 7 developed 
fatal infections, proving the chronic 
state of the donor voles; but the un- 
usually long incubation periods in the 
recipient mice (mean: 5.2 days) attested 
to the small number of circulating para- 
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the voles’ 


chronic 


sites in bloods. This pro- 
condition reflected a 
acquired immunity, 


controls splenectomized 


tracted 
high 
since 


degree of 
before 
inoculation regularly died with acute 
parasitemias within a fortnight after 
inoculation. 

Vole 2 had radically cured its chronic 
infection when bled, since the mouse 
receiving its blood remained uninfected 
for 25 days and was totally susceptible 
to a challenge dose a week later. 


5. Experiments based on the pattern: 

initial infection, splenectomy 

Twenty-three voles were splenecto- 
mized during the period following the 
microscopic disappearance of parasites 
after untreated initial infections with 
P. berghei. Data on their initial and 
postsplenectomy infections are 
marized in table 4 and in figure 3. 

The duration of latency before splen- 
ectomy clearly has a bearing on the sub- 
sequent course of the The 
shorter the latent period, the more 
severe the reaction to splenectomy. 

Relapse following splenectomy was 
again shown to be a more reliable test 
of non-cure than was the infectivity of a 
spleen from a chronic vole. Thus, of the 
7 mice inoculated with the ground 
spleens from voles later relapsing after 
splenectomy, 5 failed to develop in- 
fections and were totally susceptible to 
later challenge inoculation. Indeed the 
spleen from the vole suffereng fatal re- 
lapse in group A was one of the cases in 
point. 

The indispensable role of the vole 
spleen in defense against P. berghei, dis- 
cussed in our 1951 study, is again sup- 
ported by the fact that 5 control voles, 
splenectomized 16 days before inocula- 


sum- 


disease. 


tion, all died of severe parasitemias 


within a fortnight after inoculation 


(ef. fig. 2, sect. B). 
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This group of experiments, essentially 
a recapitulation of our 1951 study, has 
supported the conclusions there drawn 
at every important point. Initial infec- 
tions in this series were indeed some- 
what milder than those in the former 
series; and the critical period during 
which splenectomy might lead to death, 
the chronic state, or cure was delayed 
until the 5th or 7th rather than the 3rd 
or 4th week following inoculation. 
Nevertheless, the basic pattern de- 
scribed in the 1951 study is here com- 
pletely confirmed, viz., initial, relatively 
mild, transient infections, leading first 
to a short latent period interrupted by 
brief relapses, and ultimately te cure of 
latent voles, with a critical period late 
in latency during which splenectomy 
may seriously interfere with the acquisi- 
tion of effective immunity and cure. 

These confirmatory data were in- 
cluded here for two reasons. First, in 
order to broaden the basis on which the 
former conclusions rest, since proof of 
radical cure in malaria is a controversial 
point, and secondly, since these served 


TABLE 5. 
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as initial experiments on which others in 
this series were built and as controls to 
the superinfection experiments dis- 
cussed above. 


6. Experiments based on the pattern: 
initial infection, spleneciomy, 
superinfection 
Twenty-one surviving cured and 
chronic splenectomized voles discussed 
in section 5 were superinfected with 
standard inoculums of P. berghei 15 to 
21 days following splenectomy, to de- 
termine whether they retain any re- 
sidual immunity after splenectomy. 
Data on these superinfections are sum- 
marized in table 5, and are incorporated 
into figure 3, sections A, B and C, 

All voles chronic or cured at splenec- 
tomy (with the exception of vole 23, 
section B and of vole 9, section C, which 
died after 3 days and is not included in 
the further analysis) developed or main- 
tained demonstrable parasitemias after 
superinfection. 

Nine voles (7 cured and 2 chronic at 
splenectomy, =43%) 


succumbed to 


Reactions of voles, chronic or cured at the time of splenectomy, to superinfection after 


splenectomy. 


Super- 
infection, 
days after 
splenec- 


State after 


: * 
Group splenectomy 


Chronic 
Chronic 
Cure 
Chronic 
Chronic 
Cure 
Cure 


Cure 
Chronic 
Chronic 
Cure 
Cure 
Cure 
Cure 
Cure 
Cure 


Cure 
Cure 
Cure 
Cure 
Cure 


* Identical with groups in table 4. 
+t Escaped from cage. Fate unknown. 


Peak para- 
sitemia after 
super- 
infection 
(%) 


Ultimate outcome after superinfection 
Reaction after superinfection 
(day of death) 

Chronic 

Death (5) 
Chronic 
Chronic 
Death (7) 
? 


t 
Death (19) } 


| Cured 0 
» Chronic 50% 
| Death 50% 


Chronic 
Chronic 
Chronic | 
Cure } 
Death (16) | 
Death (10) 
Death (16) 
Death (125) 


Chronic 
Chronic 


Cure | 


224+% 
33 +% 
444% 


Cc 
Chronic 
Death 


Cured 
Chronic 60% 
Death 


Chronic 
Death (14) 
Death (22) | 
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parasitemia after superinfection. Eight 
of them died within 1 to 3 weeks, while 
vole 30, which overcame an initial post- 
superinfection attack, eventually suc- 
cumbed to the last of a series of relapses 
separated by low, chronic periods. Vole 
42 (table 5, group A), which escaped 2 
weeks after superinfection, also proba- 
bly succumbed, since it had a recorded 
peak of 24%, and no other splenecto- 
mized vole with a peak of more than 
17% survived. If this vole died, 48% of 
the superinfections led to death. None 
of this group therefore now possessed 
acquired immunity sufficient to prevent 
death following superinfection; al- 
though they had previously developed 
enough to achieve either the chronic 
state or cure, as revealed by splenec- 
tomy. Control splenectomized voles 
with no acquired immunity invariably 
died of acute parasitemia shortly after 
inoculation (Zuckerman and  Yoeli, 
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1951, and cf. also fig. 3. sect. B). 

The 11 remaining voles (7 cured and 
4 chronic at splenectomy, =52%) pos- 
sessed an immunity to superinfection 
capable of ultimately restricting para- 
sitemias to very low-grade, intermit- 
tently latent and patent chronic infec- 
tions. Except in vole 23, this immunity 
was not solid enough, however, to 
prevent protracted, demonstrable para- 
sitemia after superinfection. 

In 2 cases (voles 23 and 26) cure fol- 
lowing superinfection was eventually 
recorded. Vole 23 was quite remarkably 
resistant to P. berghei from its earliest 
exposure to the parasite. During initial 
infection a single parasite was seen on 
the 4th day after inoculation. Radical 
cure was demonstrated by splenectomy 
a month later. Superinfection after 
splenectomy led to no microscopically 
demonstrable parasitemia, and cure was 
again demonstrated by the noninfec- 
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Fic. 3.—-Parasitemias following splenectomy and subsequent single or multiple superinfection with 
P. berghei in voles splenectomized at varying periods after initial inoculation (A, 34 days; B, 52 days; 
and C, 64 days). Legend as in figure 2, except that cardiac blood infectivity was tested in group A 
323 days, in group B 176 days, and in group C 243 days after splenectomy. Short, isolated periods are 
presented to illustrate the low, persistent, intermittently patent and latent character of the chronic 
state. Note that the cause of death of vole 9, section C, is not known, but that it was obviously not 


parasitemia. 
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tivity of cardiac blood to a mouse 5 
months later. 

Superinfection, while followed within 
a few days by an acute rise in all cured 
voles except no. 23, had no marked 
effect on subsequent parasitemia in 


voles chronic at splenectomy, in which 
post-superinfection parasitemias re- 
mained at an uninterrupted low level. 

Table 6 correlates the state of the 
vole at splenectomy (chronic or cured) 
with its subsequent reaction to super- 
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TABLE 6. 


Reaction of voles 
after superinfection 


State of voles at 
splenectomy 

Death 

Chronic 

Death 

Chronic 

Cur 


Chronic 


Cured 


* Fate uncertain, but probably died after superinfection. 


infection. The chronic state rather than 
cure at splenectomy favored subsequent 
survival following superinfection, al- 
though some of the cured splenecto- 
mized voles survived superinfection and 
reached the chronic state; and a few 
were even capable of curing super- 
infection. In all except vole 30, the 
chronic state of voles surviving splenec- 
tomy and superinfection was stable, and 
the parasites remained under control. 
While all chronic infections were rela- 
tively low, each vole had patent periods 
whose length and severity were typical 
for it and differed from those of other 
voles. 

The chronic condition of surviving 
voles was tested 7 to 12 months after 
initial infection by inoculating cardiac 
blood into a clean mouse, as described in 
section 4. Blood from voles 11, 12, 24, 
27, 28 and 41 led to fatal infections in 
mice, proving the voles chronic when 
tested. Voles 23 and 26 were cured at 
this time, since recipient mice remained 
uninfected for 25 days and were totally 
susceptible to a challenge inoculation a 
week later. 

Whereas vole 23 had been refractory 
throughout its history, vole 26 was 
cured only shortly before the test in 
mice, since parasites were last seen in 
its blood only 45 days before cardiac 
bleeding. 

Since post-superinfection reactions in 
groups A, B and C were very similar, 
variations between 34 and 64 days in 
the period between initial infection and 
splenectomy did not markedly influence 


Correlation between the state of infections of P. berghei in 21 voles at the time of 
splenectomy and the fate of the same voles after subsequent superinfection. 


Voles Percent 





45, 47 

27, 28, 43, 44 
10, 14, 21, 30, 32, 34, 40, 42* 
11, 12, 13, 21, 41 
23, 26 


the subsequent development of im- 
munity to superinfection. 

The fact that 2 cures were recorded in 
section B and none in the other 2 sec- 
tions is possibly associated with delay 
of superinfection after splenectomy by 
a week, but these results may well be 
due to chance, since the experimental 
sample was small. 

Comparison of the results obtained 
in section 6 with those of section 4 
shows that hyperimmunization before 
splenectomy tended to increase the de- 
gree of residual immunity following 
cure and favored survival following 
postsplenectomy superinfection in voles 
cured or chronic at splenectomy. This is 
brought out in figures 2 and 3 and in 
table 7. Once the chronic state had been 
achieved, however, infections in the 2 
groups became very similar, suggesting 
that similar immune mechanisms were 
ultimately established. Indeed, indi- 
vidual voles in group B, table 7, were 
from the beginning as immune to super- 
infection as were any in group A, 
passing directly into the chronic state 
after postsplenectomy superinfection 
without any intermediate 'rise in para- 
sitemia. 


7. Experiments based on the pattern: 
initial infection, splenectomy, 
superinfection, superinfection 


Six voles received a second standard 
superinfection 35 to 79 days after their 
first postsplenectomy superinfection, 
discussed in section 6. All were chronic 
at the time of the inoculation, with a 
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Comparison of reactions to postsplenectomy superinfection (A) in voles superinfected 


after initial infection and before splenectomy, and (B) in voles splenectomized after initial 
infection alone. (Numbers are the serial numbers of individual voles.) 


Voles dying 
after post- 
splenectomy 
superinfection 


Group 


A (initial infection and Cured at sple- 
superinfection be- nectomy 
fore splenectomy Chronic at sple- 

nectomy 


10, 14, 25, 30, 32, 
34, 40, 42* 
45, 47 


Cured at sple- 
nectomy 

Chronic at sple- 
nectomy 


B (initial infection 
alone before sple- 
nectomy) 


* Fate uncertain, but probably died after superinfection. 


mean period of 9.5+4.71 days since the 


last parasite was seen in the peripheral 
blood. and after 
the second superinfection may be com- 
A and C, 
Second superinfection in these splenec- 


Parasitemias before 
pared in figure 3, sections 


tomized voles did not perceptibly in- 
fluence the immune state of the hosts. 
The stable chronic state following such 
superinfection was fundamentally simi- 
lar to that achieved without it (cf. fig. 3, 
sect. B); and pre- and postinoculation 
parasitemias in the same animals were 
also essentially similar (cf. particularly 
fig. 3, sect. A, in which an extended 
chronic period preceded second super- 
infection). 


TABLE 8. 


Voles surviving postsplenectomy superinfection 


Eventual 
cure 
after 
chronic 
period 


Cure 
directly 
after 
splenec- 
tomy 


After 
moderate 
para- 
sitemia 


Immediately 
entering 
chronic 
state 


After 

severe 

para- 
sitemia 


5 3, 2 


13, 24, 26 
27, 28, 43, 44 


In a further experiment involving 
second (or third) postsplenectomy su- 
perinfection, a series of voles with vary- 
ing previous histories received an addi- 
tional standard inoculum. Table 8 sum- 
marizes their histories and data on the 
present group of superinfections, as well 
as on initial infections with the same 
inoculums in 2 control voles. 

All chronic voles superinfected 64 to 
74 months after their last superinfec- 
tion maintained the low-grade chronic 
state of their infections. They all re- 
acted similarly to the final superinfec- 
tion, whether they had (a) previously 
been hyperimmunized before splenec- 
tomy or not, and (b) whether they had 


Reaction to superinfection of cured and chronic voles 6 to 8 months after previous 


superinfection. 


Manipulations following 
initial infection and 
preceding present 
inoculation 
(sup: superinfection 
sp: splenectomy) 


Vole no. 
inoculation* 


Unexposed 
Intact 


Unexposed 
Intact 


sup *hronic 


Sup, SUP, SP, ( 
sup Chronic 


6 sup, sup, sp, 


“hronic 
~*hronic 


il sp, 
12 sp, 


sup, 
sup, 


sup 
sup 


~*hronic 
~hronic 


24 sp. 
28 sp, 


sup 
sup 


“ured 


23 sp, sup 
“ured 


26 sp, sup 


* Determined by infectivity of cardiac blood to mice. 


Condition when 
receiving present 


Peak parasitemias 
observed during 
25 days follow- 

ing present 
inoculation 
(%) 


Days between 
last super- 
infection 
and present 
inoculation 


Days since 
splenectomy 


0.08 
0.15 
60 
21 
.25 


.20 


3.80 
0 
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histories of single or multiple post- 
splenectomy superinfections before the 
present experiment. In all cases the 
chronic state, maintained for as long as 
7 to 9 months after splenectomy, and 
essentially undisturbed by superinfec- 
tion, reflected a high degree of acquired 
immunity as explained in 
sections. 

The 2 splenectomized voles cured be- 
fore superinfection possessed demonstra- 
ble residual immunity 3 months (vole 26) 
and 9 months (vole 23) after the last 
parasite had been observed in their pe- 
ripheral bloods. Their previous histories 
are discussed in section 6. Although in the 
present experiment vole 23 developed a 
demonstrable parasitemia for the first 
time in its history, proving that its de- 
fenses were now somewhat lower than 
when it was previously superinfected 
shortly after splenectomy, it was still, 
nevertheless, capable of limiting infec- 
tion to a chronic state, generally main- 
tained at a much lower level than the re- 
corded peak. Comparison with infection 
rates in nonimmune, splenectomized 
controls (fig. 2, sect. B) reveals the strik- 
ingly effective nature of this residual 
immunity after cure. Such immunity is 
even more clearly exemplified in cured 
vole 26, in which no parasitemia at all 
was observed following the 
superinfection. 


previous 


present 


DISCUSSION 


The responses of intact and splenec- 
tomized voles to P. berghei were studied 
during and after the critical period of 
the acquisition of immunity following 
initial infection. The relation of radical 
cure to the immune mechanism was 
particularly scrutinized. 

Intact voles proved to be very re- 


fractory to single or multiple super- 
infections following the recession of in- 
itial, untreated infections. After super- 
infection parasitemias were much lower 


AVIVAH ZUCKERMAN 


than in initial infections, and no fatali- 
ties were recorded. Since all intact voles 
were very refractory to superinfection, 
and since many were undoubtedly cured 
when superinfected (as demonstrated by 
the reactions of voles splenectomized 
rather than superinfected), residual im- 
munity during the first weeks following 
cure was inferred in many and probably 
in the majority of the intact, super- 
infected voles. 

The few parasites observed after 
superinfection of intact voles were seen 
between the 5th and 26th days, whereas 
circulating plasmodia are found in birds 
or monkeys superinfected with their re- 
spective species only immediately fol- 
lowing superinfection and not there- 
after (Taliaferro and Taliaferro, 1929 
and 1934). Since inoculation in birds 
and monkeys is regularly intravenous, 
permitting the primary blood filters 
directly to remove the antigen from the 
circulation, whereas voles were super- 
infected intraperitoneally and the ulti- 
mate route by which parasites reach the 
peripheral blood is not known, results 
cannot be closely compared. 

Splenectomy several weeks after su- 
perinfection served as an indicator of 
the high degree of immunity possessed 
by most voles at this time. Since 7 out 
of 10 such voles did not relapse, they 
had cured their superinfections. What 
event finally tips the balance of latency 
towards radical cure is not known. 
Possibly a given quantity of antigen 
may have to pass through the antibody- 
producing cells before cure can be 
achieved. Two of the ten voles, latent at 
splenectomy, maintained their infec- 
tions thereafter at a very low level. 
Only one of the ten developed the type 
of fulminating, fatal parasitemia regu- 
larly seen when previously uninfected 
splenectomized voles are first exposed to 
P. berghei. In this vole (vole 18) 
acquired immunity, previously capable 
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of totally suppressing parasitemia after 
superinfection when the vole was still 
intact, had receded with splenectomy 
beneath the protective level. 

Voles splenectomized late in latency 
following initial infection, and shown 
thereby to be either chronic or cured at 
this time (Zuckerman and Yoeli, 1951), 
were now superinfected. Such voles re- 
sponded to superinfection in varying 
ways, revealing differences in the degree 
of acquired immunity each possessed. 

Most voles chronic at splenectomy 
continued in this condition after first or 
second superinfection, with little ap- 
parent disturbance of the immune 
mechanism constantly mobilized by the 
uninterrupted presence of a low-grade 
infection. While splenectomized voles 
at this stage could not eradicate the 
plasmodium, they were able to maintain 
it at a stable level even when additional 
parasites were added at superinfection. 
It is noteworthy that the 2 chronic voles 
(45 and 47) which succumbed to super- 
infection after splenectomy were of the 
group splenectomized only a month 
after initial infection, i.e., during the 
critical period when acquired immunity 
is first being established. 

Of the voles cured at splenectomy, 
about half succumbed to postsuper- 
infection parasitemias within a few 
weeks. Their immune response at this 
time was therefore as inefficient as that 
of unexposed, splenectomized controls, 
i.e., with no acquired immunity. Since 
they had all previously been capable of 
curing initial infections, their acquired 
immunity must have waned rapidly 
after cure. In a single case (vole 30) 
death of such a vole was delayed for 
several months after superinfection. 

In a second group of cured, splenecto- 
mized voles a significant peak or peaks 
followed superinfection, indicating an 
unbalance in favor of the parasite. But 
this was rapidly corrected, and para- 
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sitemias soon receded to the stable 


‘chronic level. 


A third group immediately entered 
the chronic state, showing that their 
immune mechanisms did not have to be 
primed, and were already similar in 
extent to those of the splenectomized 
voles chronic at superinfection. 

Splenectomized voles developing or 
maintaining persistent chronic infec- 
tions after superinfection were less re- 
fractory to superinfection than cured 
intact voles, in which post-superinfec- 
tion parasitemias were negligible. On 
the other hand, the very fact that 
they survived superinfection for many 
months reveals a high degree of residual 
immunity after cure, since nonimmune 
controls died with intense parasitemias 
shortly after inoculation. 

Whether residual immunity can per- 
sist for any period following the total 
eradication of malarial parasites has 
long concerned workers in the field. 
Sergent et al (1925 and 1950) considered 
that ‘‘prémunition” continued as long as 
parasites persist in the body but not 
thereafter. Shortt et al (1938) supported 
this view for Plasmodium knowlesi and 
Plasmodium cynomolgi. 

Evidence is, however, accumulating 
that acquired immunity may wane 
gradually rather than disappearing sud- 
denly following radical cure, and that 
during this period a certain measure of 
immunity may persist even in the total 
absence of parasites. Hackett (1937) 
considered that this might be the case 
since the date of cure is not generally 
known. James (1933), Ciuca et al (1934) 
and Boyd et al (1936 and 1939) believed 
that quite solid acquired immunity to 
superinfection sometimes persisted for 
years following cure of Plasmodium 
vivax. Rhesus monkeys, cured of P. 
knowlesi with sulfanilamide, were shown 
by Coggeshall (1938) to retain partial 
immunity after cure 29 to 91 days later. 
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Similarly, Maier and Coggeshall (1944) 
observed residual immunity to P. know- 
lesi 1 year after cure. Gingrich et al 
(1947) and Gingrich (1948) 
canaries of Plasmodium cathemerium 
with naphthoquinones. Immediately 
after cure they demonstrated acquired 
immunity, which waned progressively 
until none was observed 8 months later. 
In the present study a considerable 
amount of residual immunity is retained 
for some months after cure of P. berghei 
by many but probably not by all speci- 
mens of M. guentheri. 

Although hyperimmunization before 
splenectomy materially increases the 
chances of survival following super- 
infection after splenectomy, some cured 
splenectomized voles previously ex- 
posed only to mild initial infections 
were also able to control postsplenec- 
tomy superinfections at a chronic level, 
or even radically to cure them in a few 
cases (voles 23 and 24). 


While intact voles cure superinfec- 


tion much more efficiently than do 
splenectomized voles, it is not impossi- 
ble for the extrasplenic immune mech- 
anism alone to gain this end. Thus the 
spleen, absolutely essential in estab- 
lishing the acquired immunity necessary 
to prevent death following initial in- 
fection, may occasionally be dispensed 
with in building up the additional po- 
tential of acquired immunity needed to 
achieve radical cure. 

Spleens from voles relapsing after 
splenectomy were frequently noninfec- 
tive. In this case tissues from a latent 
host were noninfective after the reces- 
sion of initial infection rather than 
during the well known negative phase 
of incubation. Thomson (1933) be- 
lieved that the inoculation of 
fairly large amounts of blood from cases 
resistant (to superinfection) into 
healthy human beings might fail to de- 
tect very scanty infections.’’ And, in- 


“even 


cured 
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deed, patients with latent malaria are 
not uniformly infective, though some 
may remain so for years. But Coatney 
and Cooper (1948) have proven blood 
samples from a series of such patients 
with P. vivax to be noninfective. These 
authors consider it likely that the 
mechanism of relapse of P. vivax will 
prove to be similar to that of P. cyno- 
molgi (Shortt and Garnham, 1948a) in 
which parasites 
during latency. 

The noninfectivity of spleens from 
voles relapsing after splenectomy might 
be explained in 3 ways. (1) A few eryth- 
rocytic parasites, maintained in the 
body during the latent state, could ag- 
gregate at some extrasplenic site. (2) 
Exoerythrocytic parasites could be the 
source of relapse erythrocytic parasites. 
Or finally, (3) the spleen could be more 
efficiently parasiticidal than other or- 
gans, which would serve as the source of 
parasites in relapse. 

The first explanation seems the least 
probable, since the spleen functions as 
one of the primary blood filters, and all 
normal or parasitized blood cells would 
be expected periodically to traverse this 
organ. While selective retention of 
schizonts of Plasmodium falciparum by 
certain organs such as the brain and the 
placenta has long been known to occur, 
and may indeed occur in P. berghei to a 
certain extent, no plasmodium is yet 
known in which all asexual forms are 
thus prevented from circulating. If ex- 
trasplenic selective retention be the ex- 
planation, only in the latter case could 
an entire spleen, with its relatively 
enormous blood content, be expected to 
contain mo parasites while even a few 
persisted at an extrasplenic site. 

Exoerythrocytic forms demonstrated 
to date in mammalian (human and 
simian) parasites by Shortt and his 
coworkers (Shortt and Garnham, 1948b; 
Shortt, Fairley, Covell, Shute and Garn- 


are exoerythrocytic 
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ham, 1951; Garnham, 1951) have been 
found only in liver parenchyme and not 
at other sites. They have also been 
sought, though unsuccessfully so far, in 
other tissues in monkeys with P. cyno- 
molgi (Shortt and Garnham, 1948b) and 
Plasmodium inui (Garnham, 1951). 
Exoerythrocytic stages of P. berghei in 
mice were described by van den Berghe 
et al (1950) as developing in macro- 
phages and endothelium, 
which are the cells most commonly in- 


capillary 


habited by avian exoerythrocytic forms. 
We have been unable to confirm this 
observation. One might expect a mam- 
malian parasite (P. berghei )to show 
closer affinity to other mammalian than 
to avian plasmodia in this fundamental 
respect. We have viewed macrophages 
containing parasites of P. berghei with 
particular caution, since the possibility 
of confusion in the interpretation of 
their contents is great. Visceral macro- 


phages actively phagocytose basophil 


In 
many cases such a red cell is infected 
with numerous young parasites which 
have not yet begun to produce pigment. 
The entire basophil cell, with its many 
parasites consisting of red nuclei em- 
bedded in blue cytoplasm almost in- 
distinguishable in staining properties 
from that of the erythrocyte host, 
closely simulates a nonpigmented, exo- 
erythrocytic parasite. 


erythrocytes containing parasites. 


If, however, exoerythrocytic stages 
should prove to exist in P. berghei, their 
presence might be compatible with a 
noninfective spleen in a latent animal. 
The spleen might be free of exoerythro- 
cytic forms while the liver, for example, 
might contain them, as in simian ma- 
larias mentioned Even if exo- 
erythrocytic stages were present in the 
vole spleen, they might not be infective 
when directly transferred to a clean 
host, as are all known avian exoeryth- 
rocytic forms. Shortt, Garnham and 


above. 


OF MALARIA IN VOLES 221 


Malamos (1948) have shown that 
monkey liver containing exoerythro- 
cytic forms was not infective to a clean 
monkey. This represents a fundamental 
difference between simian and avian 
plasmodia. 

In the light of present concepts on 
malarial immunity (Taliaferro, in Boyd, 
1949), the most likely explanation of 
the noninfectivity of latent vole spleens 
would seem to be that the local intra- 
or extracellular antibody titer in the 
spleen might be significantly higher 
than that in the circulating blood. If 
such were the case, parasitized cells, 
more efficiently destroyed here than 
elsewhere, would no longer be demon- 
strable in the spleen at a time when 
they still occurred in small numbers at 
extrasplenic Such extrasplenic 
parasites, erythrocytic or exoerythro- 
cytic, could then initiate relapse follow- 
ing removal of the spleen. 


sites. 


SUMMARY 


Intact voles (Microtus guentheri), 
superinfected after the recession of ini- 
tial infections with Plasmodium berghei, 
were highly refractory to reinfection. 
Most control voles, splenectomized at 
the time the intact voles were super- 
infected, had achieved radical cure. 
Since many intact voles may therefore 
be assumed to have cured their initial 
infections before superinfection, their 
refractory response to reinfection re- 
flects a marked degree of residual im- 
munity following cure. The fact that 
most such intact voles succeeded in 
totally eradicating the parasites in- 
troduced at superinfection within sev- 
eral weeks is further evidence of their 
efficient mobilization of acquired im- 
munity. 

Voles splenectomized late in latency 
and thereby shown to be either chronic 
or cured were superinfected several 
weeks later. In general, no significant 
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fluctuations in parasitemia followed 
superinfection of chronic voles, whose 
infections had maintained their im- 
mune mechanisms in an alerted condi- 
tion. 

Voles cured at splenectomy reacted 
to superinfection in various ways. About 
half of them (7 out of 15) died of acute 
parasitemia in a short time. Their im- 
mune mechanisms, previously capable 
of achieving cure, had therefore receded 
to the level of splenectomized controls 
lacking any acquired immunity. In an 
8th vole death was delayed for some 
months but ultimately followed an 
acute relapse. 

In a certain number of cured splenec- 
tomized voles (3 out of 15), superinfec- 
tion was followed by significant peaks, 
but the parasites were soon reduced in 
numbers to the chronic state, which 
then persisted for many months. In 
these, acquired immunity, on the wane 
at superinfection, but primed by addi- 


tional contact with the antigen, was 
subsequently maintained in the alerted 
state by the continued presence of small 
numbers of parasites. 


Some cured splenectomized voles 
(3 out of 15) immediately entered the 
chronic state after superinfection, in- 
dicating that their acquired immune 
mechanism was quite efficient at this 
time. One, still more immune, developed 
no perceptible postsplenectomy para- 
sitemia until re-superinfected many 
months later, when it became chronic. 

While the persistance of demonstra- 
ble parasitemias for many months in 
cured, splenectomized voles following 
superinfection indicated a less powerful 
immune mechanism than that in intact 
voles similarly treated, survival of the 
cured splenectomized voles following 
superinfection and their negligible para- 
sitemias during this time are in them- 
selves indications of a significant de- 
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gree of residual immunity following 
cure, 

Hyperimmunization before splenec- 
tomy increased the survival rate of 
voles superinfected after splenectomy 
(8 out of 10 as compared with 7 out of 
15). 

Occasionally, splenectomized, super- 
infected voles were capable of achieving 
radical cure after many months of 
chronic infection (3 out of 15). 
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The high incidence of gastroenteritis 
in the Middle East presents a major 
public health problem,'~” and it is gen- 
erally thought that contaminated food- 
stuffs play an important role in trans- 
mission of the causative organisms.'*~ 
The incidence of the diseases, the high 
carrier rates,"~'® and poor sanitation 


Received for publication September 18, 1952. 

The opinions or assertions contained herein 
are the private ones of the writers and are not 
to be construed as official or reflecting the views 
of the Navy Department or the naval service at 
large. 

1. Perry, H. M., and Bensted, H. J. 1928, Tr. 

Roy. Soc. Trop. Med. & Hyg. 21: 417-420. 

. Perry, H. M. and Bensted, H. J. 1929, Tr. 
Roy. Soc. Trop. Med. & Hyg. 22: 511-512. 

. Kenawy, N. 1936-1937, C. R. Soc. Med. et 
Hyg. Trop. d’'Egypte, 15-32. 

. Sabri, I. A., Abboud, M. A. and Ali, M. 1937, 
Arch, Dis. Childhood, 12: 225-232. 

. Aly, M. 1940, Lab. & M. Progr. 1: 27-33. 

. Lami, I. 1940, Lab. & M. Progr. 1: 171-174. 

. Bulmer, E. and Priest, W. M. 1942, J. Roy. 
Army M. Corps, 79: 277-286. 

. Bulmer, E. and Priest, W. M. 1943, Lancet, 
2: 69. 

. Fairly, N. H. and Boyd, J. S. K. 1943, Tr. 
Roy. Soc. Trop. Med. & Hyg. 36: 253-278. 

. Gohar, M. A. and Barakat, M. R. 1945, J. 
Trop. Med. 48: 109-114. 

11. Cossery, G. W. 1946, J. Hyg. 44: 284-285. 
12. Boyd, J.S. K. 1946, J. Path. & Bact. 58: 237 
241. 

. Wilson, G. S. and Miles, A. A. 1946, Topley 
and Wilson’s Principles of Bacteriology and 
Immunity, ed. 3, Baltimore, Williams & 
Wilkins Co., pp. 1596-1612. 

. Weil, A. J. 1943, J. Immunol. 46: 13-46. 

. Weil, A. J. 1947, J. Immunol. 55: 363-405. 

. Miller, W. S. 1950, J. Egyptian Pub. Health 
Assn. 25: 46-52. 

. Neva, F. A, 1949, Am, J. Trop. Med. 29: 
909-919. 

. Wirts, C. W. and Tallant, E. J. 1944, Am. J. 
Digest. Dis. 11: 252-255. 


provide ample opportunity for food to 
serve as a vehicle for shigella and 
salmonella organisms. 

In the present study, a phase of cur- 
rent epidemiological investigations on 
shigellosis and salmonellosis in Egypt, 
an attempt is being made to determine 
more exactly the role of food stuffs in 
transmission. That fresh meat may be 
an important food vehicle is shown in 
this report. 


MATERIALS AND METHODS 


Two hundred and fifty samples of meat were 
purchased from 53 butcher shops in the Cairo 
area from October, 1951 through January, 1952. 
These shops, located in the poorer districts of 
the city, were representative of the type serving 
a major portion of the population. 

The types and cuts of meat selected were dis- 
tributed as evenly as possible, with the exception 
of pork, which is an infrequently consumed item 
of food in this region and consequently is sold 
in few shops. Usually 6 to 8 samples were bought 
from several shops in a single day. Meat markets 
were graded arbitrarily as to sanitation standards 
and refrigeration facilities. The samples were 
wrapped separately in paper and brought to the 
laboratory within an hour of purchase. 

A block of approximately 15 g was cut with 
sterile instruments from each sample of meat. A 
portion of the surface that had been exposed at 
the market was always included. Each block was 
triturated sterilely in mortars with 10 g of sand 
and 15 to 20 ml of normal saline. 

After grinding, the resulting broth stood for a 
few moments to allow the gross particles to 
settle. Then 5 ml were transferred to a flask con- 
taining 50 ml of tetrathionate broth (Difco). 
Shigella-Salmonella (SS) agar (Difco), Mac- 
Conkey agar (Difco), bismuth sulfite agar (Difco) 
and sheep blood agar plates were streaked with 
the material. Subcultures were made from the 
tetrathionate flasks at 24 and 48 hours onto SS, 
MacConkey and bismuth sulfite agar plates. 


19. Walton, H. C. M. 1949, J. Roy. Army M. 
Corps, 93: 298-303. 
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All plates were incubated at 37 C for 24 hours. 
Suspicious colonies were transferred to triple- 
sugar-iron agar slants. Cultures showing reac- 
tions on this medium suggestive of shigella or 
salmonella were tested for biochemical activity by 
the usual methods. Cultures having biochemical 
reactions characteristic of the shigella group were 
identified by serological reactions, and those 
having biochemical reactions of the salmonella 
group were identified tentatively, using group 
specific serums. Subsequently cultures were for- 
warded to salmonella typing centers for com- 
plete identification.* 

Other nonlactose-fermenting organisms iso- 
lated from the meat samples were identified as 
far as feasible. Random samples of Escherichia 
coli strains were tested for their IMVIC reac- 
tions” for an indication of their probable source, 


RESULTS 


As shown in table 1, enteric pathogens 
were isolated from 21 (8.4%) of the 250 
meat samples examined. Two of the 
samples yielded 2 pathogens 
making a total of 23 isolations. 

From table 2 it can be seen that 14 
(60.8%) of the 23 isolations were 
shigellas and 9 (39.1%) were salmo- 
nellas. 


each, 


Flexner organisms were found most 
frequently, i.e., 8 (43.7%) of the total 
of 23. Shigella sonnei and Salmonella 
dublin were the next most frequent in 
occurrence, each being recovered 4 
times (17.4%). Salmonella typhi and 
Shigella dysenteriae 2 were each found 
twice (8.7%). Salmonella paratyphi A, 
Salmonella paratyphi B and Salmonella 
muenchen were recovered once (4.3%). 

Other enteric organisms isolated and 
identified are table 3. Esch. 
coli was recovered from all samples of 
meat. Forty percent of the strains of 
Esch. coli tested for IMVIC reactions 


listed in 


* The authors wish to express their apprecia- 
tion to Dr. F. Kauffmann, International Sal- 
monella Typing Center, Copenhagen, Denmark, 
and to Dr. L. A. Barnes, Naval Medical Research 
Institute, Bethesda, Maryland, for the serological 
identification of salmonella strains. 
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TABLE 1.—Distribution of enteric pathogens 


among 250 meat samples. 


Number 
of 
positive 
samples 


Samples Organism 


Beef: 
Steak 
Roast 
Heart 
Liver 


Sh. sonnei (2) 


Sh. flex. 4a, Sh. flex. sp., 
S. dublin 
Kidney Sh. flex. § 
Rib 
Suet 
Total 


Veal: 
Heart 


Kidney Sh. flex. 5, * S. paratyphi 
A,* S. dublin 

Chops 

Roast S. paratyphi B,t S. dub- 
in 

Steak Sh. flex. 6 

Liver 

Hamburger Sh. flex. § 

‘lank 

Rib Sh. flex. § 

Leg S. muenchen 
Total 


Lamb: 
Chops 
Leg 
Kidney 
Shoulder 
Steak 
Heart 
Roast 
Rib 
Liver 
Hamburger 

otal 


Pork: 
Roast 
Liver 
Bacon 
Chops 
Kidney 
Rib 


Sh. dysenteriae 2 


Sh. flex. 6 


—— 
CUR eUwecw 


S. typhi 


oe 
ue 


S. typhi 
S. dublin 


Sh. sonnei 


Sausage 
Shoulder 
Heart 
Brain 
Total 


Buffalo: 

Roast 

Leg 0 
Total : 0 


Sh. sonnei 


Sh. dysenteriae 2 


ee ONE ROW 


w 


21 (8.4%) 


Totals 250 


* Same sample. 
t Same sample. 


were of type I. Among the species of 
Proteus isolated, Pr. morgani was most 
common, followed by Pr. mirabilis, Pr. 
vulgaris and Pr. rettgeri. Paracolon 
organisms were present in 31.6% of the 
samples. Three Bethesda 
paracolons were identified from among 
these. 


strains of 


One hundred and seventy of the sam- 
ples came from shops with no refrigera- 
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TABLE 2.—Enteric pathogens recovered from 
meat samples. 


Percent of 


Number of total 


Organis: : ; 
Irganism isolations 


Shigella: 
sonnes 
dysenteriae 2 
flex. 4a 
flex. 5 
flex. 6 
flex. sp. 

Total 

Salmonell 1: 
typhi 
paratyphi A 
paratyphi B 
dublin 
muenchen 


Total 


tion, and 80 from shops with refrigera- 
tion. Sixteen samples of the former 
(9.4%) and 8 (10%) of the latter were 
positive for known pathogens. 
DISCUSSION 

In general there are two types of 
retail butcher shops in Cairo. A small 
number in the central metropotitan 
area are thoroughly modern in equip- 
ment and sanitation. These are usually 
part of exclusive grocery stores and 
serve a limited clientele. Shops serving 
the middle and poorer classes of people, 
on the other hand, are open, unscreened 
and usually border directly on side- 
walks and streets. Carcasses are hung 
around the three walls and often across 
the front where they are accessible to 
contamination by customers, dust and 
flies. It is estimated that only one-third 
of the shops have any means of re- 
frigeration. This usually consists of an 
ice chest used only for storage of small 
cuts from carcasses on display. The 
close proximity of meat shops to gar- 
bage accumulations and _indiscrimi- 
nately deposited human feces provide 
ideal conditions for fly borne contami- 
nation™ of the carcasses. The possible 


21. Steinhaus, E. A. 1947, Insect Microbiology, 
Ithaca, N. Y., Comstock Publishing Co., pp. 
129-132. 
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TABLE 3.—Incidence of other enteric organisms 
in meat samples. 


Percent of 
samples 


Organism 





Esch. coli 
Alkaligenes 
Proteus 
Paracolons 
Pseudomonas 


meat han- 
dlers must be considered as an additional 
source of contamination. Marked sea- 
sonal variations in the incidence of 
enteric diseases has been noted in 
Egypt.':?.44.6.9.18.22 The rise in incidence 
which occurs between May and October 
parallels, in general, an elevation in 
temperature and increase in fly popu- 
lation. It seems probable that if this 
survey, performed during winter 
months, were repeated during the sum- 


existence of carriers among 


mer, the percentage of positive samples 
would be even higher. The distribution 
of Shigella and Salmonella species, with 
the exception of S. dublin and S. 
muenchen, approximates the incidence 
found among human cases!:?:4~*:!?.18 jn 
Egypt. 

Surveys, similar to the present, con- 
ducted in other countries*~** have re- 
vealed as many as 13 different Salmo- 
nella species of probable animal origin. 
Most of these surveys, however, were 
concerned mainly with 
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mesenteric 





ENTERIC PATHOGENS IN MEAT 


glands from freshly slaughtered animals, 
which are a much better source of these 
organisms than are the edible portions. 
Thus it is not surprising that only two 
such types (S. dublin and S. muenchen) 
were recovered in this investigation. 

It is believed that this is the first 
report of enteric organisms of strictly 
human origin being found on fresh meat. 

Human enteric pathogens present on 
retail meat samples could result in 
human infection either by means of 
mechanical transfer of these organisms 
to the mouth or to other articles of food, 
or by their survival of inadequate 
cooking. That cooking does not always 
provide complete protection has been 
shown in outbreaks of food 
poisoning,*°-* where the causative or- 
ganisms were recovered from both 
cooked and uncooked portions of meat. 
It has been pointed out * that the 
penetration of heat into meat is slow 


several 


30. Petzel, G. 1948, Ztsch. f. Hyg. 128: 9-12. 

31. Jones, A. C. and Symons, A. D. 1948, Month. 
Bull. Min. Health. 7: 202-206. 

32. Nevot, A. and Jude, A. 1949, Rev. Immunol. 
13: 88-95. 
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that the interior often 
sterilization 


and may 
reach temperature. This 
fact is of particular importance in 
Egypt, since some of the meat dishes 
are not cooked thoroughly and out- 
breaks of food poisoning attributed to 
meat are not uncommon to Egypt.?*-* 


not 


SUMMARY 


1. Two hundred and fifty samples of 
meat from 53 open, unscreened butcher 


shops in Cairo were examined bacteri- 
ologically. 

2. Enteric pathogens were recovered 
from 21, or 8.4%, of the samples. Of 
the 23 strains recovered, 17 were most 
probably of human origin. These in- 
cluded a strain of Salmonella paratyphi 
A, 2 of Salmonella typhi and 14 strains 
of Shigella commonly encountered as 
etiological agents of bacillary dysentery 
in Egypt. 
33. Sandiford, B. R., El-Gheriany, M. G., Abul 

Ela, M. and Karam, A. M. 1943, Lab. & M. 

Progr. 4: 14-18. 

34. Sandiford, B. R. 1944, J. Path. & Bact. 56: 
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A number of investigators have dem- 
onstrated that animals which have been 
exposed to sublethal doses of total body 
irradiation showed increased suscepti- 
bility to experimentally introduced 
pathogenic organisms’ and to certain 
bacterial toxins.* It has also been ob- 
that “avirulent” 
terial strains,’ even those which are 
normally present in the enteric tract,** 


served certain bac- 


may lead to bacteremia and cause death 
of irradiated animals. These experimen- 
tal observations appear to correlate 
with the finding that infections con- 
tributed greatly to the mortality among 
atomic bomb casualties.'°-” 
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Although the possibility of activation 
of a subclinical infection by sublethal 
radiation has not been extensively 
investigated, it has been suggested that 
irradiation increased the rate of spread 
of a pulmonary disease in rats, or 
“activated” an infection that otherwise 
might have remained latent." 

Repeated severe spontaneous out- 
breaks of pseudotuberculosis in mice 
subjected to sublethal total body irradi- 
ation were observed in our laboratory. 
The outbreaks occurred among the 
animals shipped to this laboratory 
from another city (hereafter referred 
to as strain R mice), and were not 
previously or subsequently encountered 
in any of the several thousand mice 
from our own breeding colony subjected 
to similar cadiation treatment, except 
for the experimental epidemics 
scribed in this report. Recently it was 
indicated that administration of corti- 
sone to albino rats led to the emergence 
of a severe infection by Corynebacterium 
pseudotuberculosis murium.\*. 

It seemed of interest to investigate, 
under controlled conditions, the effect 
of sublethal irradiation on the “‘activa- 
tion’ and the epidemiology of this in- 
fection. The results of the study, pre- 
sented in this report, showed that sub- 
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ACTIVATION OF ENDEMIC INFECTION BY X RAYS 


lethal X radiation activated latent or 
subclinical pseudotuberculosis in mice, 
and that transmission of this iafection 
by direct and indirect contact resulted 
in clinical pseudotuberculosis among 
irradiated but not among the normal 
animals, 


MATERIALS AND METHODS 


Animals and animal quarters.—Five- to six- 
week-old white, female, strain R mice were ob- 
tained from a commercial breeder. They were 
held in a room removed from any other animals 
for varying periods of time until used in the ex- 
periment. 

Our own breeding stock of mice was obtained 
from the animal colony of Naval Medical Re- 
search Unit No. 1 and the Naval Biological 
Laboratory, Oakland, California. This strain, 
designated as Namru, was established in 1943 
and has been entirely free of any detectable 
infectious disease* both at its place of origin and 
in our laboratory. 

The diet 
Chow and water offered ad libitum. 


consisted of Purina Laboratory 

Following irradiation, mice in each experiment 
were housed, together with the nonirradiated 
controls, in one of three experimental rooms 
designated as follows: The “infected room,” 
located on the fifth floor of the building, was oc- 
cupied by experimental animals infected with 
agents other than C. pseudotuberculosis murium. 
The “‘clean room,” located on the fourth floor of 
the building, was used only for holding a small 
number of animals, not deliberately infected in 
the course of an experiment. The “experimental 
room,” also located on the fourth floor of the 
building, housed both the experimentally in- 
fected and control animals. These three animals 
rooms were neither air-conditioned nor did they 
share a common ventilating system. 

Irradiation of animals.*—The animals were 
irradiated by means of a Keleket deep therapy 
X-ray machine. The radiation factors were as 
follows: 200 KVP, 20 ma, filter 0.25 mm Cu and 
1.0 mm Al, HVL 0.75 mm Cu, distance from 
target to skin 75 cm, output approximately 21 r 
per minute. All X-ray doses were measured in air. 


16. Garber, E. D. and Hauth, F. C. 
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The mice were irradiated in a manner similar to 
that described previously.’ 

Bacterial culture-—C. pseudotuberculosis mu- 
rium was isolated from the lesions in the liver of a 
dead R strain mouse. In most of the cultural 
characteristics and the pathological changes it 
induced, the corresponded to the 
species originally described by Bongert,'? which 
is probably identical with the organism described 
by Kutscher.'* It differed in some respects from 
the strain isolated by Friedlander.'* For detailed 
consideration of the lesions produced by intra- 


organism 


peritoneal injection of this organism in mice 
reference is made to Bongert,'? whose results 
were confirmed in our laboratory. 

The organism is a Gram-positive, nonmotile 
bacillus. The species exhibits a considerable de- 
gree of pleomorphism, with cells varying from 
straight, slender rods to curved, club-shaped 
forms. Typical angular and palisade arrange- 
ments are frequently encountered. 

C. pseudotuberculosis murium propagates 
slowly on proteose #3 (Difco) agar, producing 
round, opaque, white after 
about 72 hours of aerobic incubation at 37 C, 
When placed on 1.5% rabbit blood agar, the 
growth is much more rapid; within 24 to 48 
hours there appear small white, opaque colonies 
approximately 1 mm in diameter. There is no 
greening of the medium. Granular turbidity is 
visible after 24 hours in proteose #3 broth. Acid is 
produced from glucose, sucrose, and dextrin 
after 6 days of incubation at 37 C. However, 


convex, colonies 


mannitol, lactose, and galactose are not fer- 
mented. Gelatin is not liquefied and indole is not 
produced. Nitrate is reduced to nitrite and litmus 
milk shows essentially no change except for a 
trace of alkalinity after 6 days of incubation. 
Inoculation of mice. otherwise indi- 
cated, mice were inoculated with suitable dilu- 


Unless 


tions of a 48-hour broth culture (proteose pep- 
tone #3 broth) of the agent. This broth culture 
was routinely seeded with colonies of C. pseudo- 
tuberculosis murium from a blood agar plate 


which had been streaked with pus from a typical 
lesion. The concentration of bacteria was deter- 
mined by dropping a known quantity (about 
0.05 ml) of bacterial suspension on blood agar 
and counting the colonies resulting after 48 
hours of incubation at 37 C. It must be stated 
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that clumping of the species interfered with ac- 
curacy of the viable counts, presumably causing 
them to be considerably lower than the true 
values. 

Mice were inoculated intranasaily under ether- 
chloroform anesthesia with 0.05 ml of the culture. 
Subcutaneous inoculation over the midscapular 
region or over the muscle of the hind leg was 
practiced under light anesthesia. Oral introduc- 
tion of bacteria was made possible by means of an 
18-gauge needle with a sawed-off point. No 
anesthesia was used in the latter procedure. 

A gglutination tests.—Agglutination tests were 
carried out in the usual manner on the pooled 
serums from 3 to 4 mice, sacrificed without 
anesthesia. Although a certain degree of spon- 
taneous agglutination of this strain of C. pseudo- 
tuberculosis murium in saline was observed, it was 
differentiated easily from the marked specific 
agglutination due to antigen-antibody reaction. 
The antigen was prepared by adding formalin 
(final concentration 0.5%) to a 48-hour proteose 
peptone #3 broth culture. After the culture was 
shaken manually for 10 minutes to disperse 
clumps of cells, 0.3 ml amounts were added to a 
series of tubes which contained 0.3 ml volumes of 
serial twofold dilutions of the test serum. The 
degree of agglutination was determined macro- 
scopically after 2 hours of incubation at 37 C, 
followed by overnight storage in the refrigerator, 
and the titer of each serum was taken to be the 
highest dilution of immune serum which still 
caused visibly stronger agglutination than did 
saline in the control tubes. 


RESULTS 

The incidence and spread of spon- 
taneous pseudotuberculosis infection 
among irradiated and nonirradiated R 
strain mice.—Occasional infection with 
C. pseudotuberculosis murium was first 
noted in strain R mice shortly after 
their arrival, mortality varying from 
0.5 to 4.0% for the 12 weeks of observa- 
tion, the duration of the experiment. 

Figure 1 illustrates the cumulative in- 
crease in mortality in representative 
groups of mice taken from the ship- 
ments received on January 28th and 
February 11th, and exposed to total 
body irradiation at the indicated times. 
Doses of radiation used were consist- 
ently sublethal for other strains of 
mice. Of the shipment received Janu- 
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ary 28th, 62 mice were exposed to 
350 r two days after arrival. The mor- 
tality in this group of animals rose 
precipitously and reached 69% four 
weeks after irradiation, when the experi- 
ment was discontinued. On February 
5th a group of 75 mice from the same 
shipment was irradiated in a similar 
manner. The cumulative mortality 
showed a much more gradual increase, 
but reached a total of 68% twelve weeks 
after irradiation. On February 12th a 
third group of 40 mice was exposed to 
350 r, and once again the mortality 
increased to reach 55% at the termina- 
tion of the experiment 9 weeks after 
irradiation. 

Investigation of the possible role of 
direct contact transmission in the epi- 
demic of pseudotuberculosis was car- 
ried out in the manner indicated below. 
A group of 110 mice from the same 
shipment of January 28thwas exposed to 
350 r on February 19th, and then di- 
vided into 2 subgroups of 55 mice each. 
One subgroup (curve #4, fig. 1) was 
kept in a wire (“community”) cage 
24X12xX10 inches. The mortality 
reached 18% in 3 weeks and gradually 
rose to 44% at the termination of the 
experiment 9 weeks after irradiation. 
The other subgroup of 55 mice (curve 
#5, fig. 1) was housed in glass (‘‘isola- 
tion’’) cages, 2 mice in each of 26 cages 
and 3 mice in the 27th cage. The mor- 
tality of this group reached 22% in 3 
weeks and remained at approximately 
this level for the remaining 6 weeks of 
observation. Although the observed dif- 
ferences in cumulative mortality in 
these two groups was not significant 3 
weeks after the initiation of the ex- 
periment, the difference observed at the 
termination of the experiment was 
statistically significant. This difference 
in mortality between groups of mice 
housed in “‘community”’ and “isolation” 
cages tends to indicate that both activa- 
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tion of an existing subclinical infection 
and contact transmission to irradiated 
mice was responsible for the deaths. 
This finding will be discussed subse- 
quently in conjunction with independ- 
ent evidence in support of the proposed 
explanation. 

It was considered important to deter- 


8 10 
Weeks 


Mortality in irradiated R strain mice during pseudotuberculosis epidemic. 


mine whether an exposure to lower dos- 
age of X rays would result in similar 
incidence of ‘‘spontaneous’’ pseudo- 
tuberculosis in the irradiated herd. To 
accomplish this, 72 mice of the shipment 
of 400 animals received February 11th 
were exposed to 250 r on February 19th 
and were housed in a single metal 
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cage. The mortality showed a cumula- 
tive incidence of 67% at the termina- 
tion of the experiment 9 weeks after 
irradiation and, therefore, did not differ 
from that observed in mice exposed to 
350 r. 

Transmission of pseudotuberculosis to 
Namru strain mice by direct and indirect 
contact with R strain mice.—The follow- 
ing experiment was carried out to de- 
termine whether exposure to X rays 
would outbreak of 
pseudotuberculosis in the Namru mice 


also induce an 
taken directly from our breeding colony 
(presumably free of pseudotuberculosis) 
and kept after irradiation in (a) the 
clean or in (b) the infected environment. 
Of this group of 200 five- to six-week-old 
mice, 100 were exposed to 350 r total 
body irradiation. Fifty of these were 
housed in 2 cages in the ‘‘infected room”’ 
on the 5th floor. The remaining 50 were 
kept in similar cages placed in the “clean 
on the 4th floor. The 100 non- 
irradiated animals were distributed in 
the same manner in the two rooms. The 
animals were observed for 7 weeks and 
the results are summarized in table 1 
None of the mice housed in the clean 


” 
room 


room died with typical pseudotubercu- 
However, 11 of the 25 
irradiated males of the group kept in the 
infected room died of typical pseudo- 
tuberculosis. The Corynebacterium in 
question was isolated from the lesions 


losis lesions. 


TABLE 1. 


Treatment 
r 


Number and Location 


350 
350 


25 male 
25 female 


Clean room, 4th fi. 
Clean room, 4th fi. 


25 male 0 
25 female 0 


Clean room, 4th fi. 
Clean room, 4th fi. 
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in all dead mice. At the termination of 
the experiment, 4 of the survivors from 
this cage had typical lesions from which 
C. pseudotuberculosis murium was re- 
covered. No other deaths clearly asso- 
ciated with this infection were observed 
among the 25 irradiated females kept 
in the “infected room” 

Agglutinin titrations on the serums 
from sacrificed survivors showed that 
both irradiated and control mice kept 
in the ‘‘clean room” failed to develop 
measurable agglutinins (of the 5 pools 
tested titers were uniformly less than 
1:8). Similarly, no detectable agglu- 
tinins were present in the serums from 
nonirradiated mice kept in the “‘in- 
fected room’’. This observation corre- 
lates well with the absence of clinical 
pseudotuberculosis in these groups. 
Agglutinins in high titers (1:128 and 
1:256) were found, however, in the 
serums from survivors of the group of 
25 irradiated male mice which had been 
kept in the “infected room”’, and 2 of 3 
pools of serums from irradiated female 
mice kept in the “infected room’”’ had 
titers of 1:8 and 1:16, respectively. It 
will be recalled that an outbreak of 
pseudotuberculosis occurred within the 
group of males and not the females in 
the ‘‘infected room’’. This finding does 
not imply that irradiated Namru males 
are more highly susceptible to contact 
infection with pseudotuberculosis. 


Indirect contact transmission of pseudotuberculosis in Namru mice. 


Number of 
survivors 
with 
specific 

lesions 


Agglutination 
titer* in sur- 
vivors( pools of 
serum of 3-4 
animals) 


0 
0 


0 
0 


350 
350 


25 male 
25 female 


Infected room. Sth fi. 4 
Infected room, Sth fi. 0 


25 male 0 Infected room, Sth fi. 0 
25 female 0 Infected room, 5th fi. 0 


* Reciprocal of the final serum dilution. 
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The epidemiological and serological 
data clearly indicate that exposure to 
350 r was not followed by pseudotuber- 
culosis in Namru mice kept in the clean 
environment. However, if housed in the 
infected environment, some of these 
animals acquired pseudotuberculosis by 
direct or/and indirect contact trans- 
mission. These results are consistent 
with the notion that infection was not 
present in the animals prior to their ex- 
posure to irradiation and the contami- 
nated environment. 

Additional data showing transmis- 
sion of pseudotuberculosis by direct or 
indirect contact to irradiated mice were 
obtained in the following manner. On 
March 11th, 20 Namru mice were ir- 
radiated (350 r) and were placed in the 
same cage with the survivors of the 
group of 72 irradiated strain R mice 
(250 r on February 19th) from the ship- 
ment of February 11th. At this time the 
cumulative mortality in the strain R 
mice had reached 36%. The Namru 
mice were kept in direct contact with 
the infected strain R mice until the ex- 
periment was discontinued. Of the 20 
contacts, 14 succumbed within 3 weeks. 
On the same day (March 11th) another 
group of 20 Namru mice, not exposed 
to X rays, was placed in direct contact 
with a different group of infected strain 
R mice. No deaths were recorded among 
these contacts, although the cumulative 
mortality in the infected R strain ani- 
mals reached 44% at the termination of 
the experiment. 

Infection with C. pseudotuberculosis 
murium was observed in other irradiated 
Namru mice housed in the “infected 
room’’. These animals were not in direct 
cowtact with strain R mice. Although 
no systematic survey of these cases was 
made, it was noted that at least 24 mice 
from about 200 to 300 Namru mice, ex- 
posed to 350 R and stored in this room 
for varying periods of time after irradia- 
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tion, succumbed and showed typical 
pseudotuberculosis lesions. Similarly, 
among 200 to 300 mice stored in this 
room after exposure to 250 r, or 50 r, 
eight and five, respectively, died with 
typical lesions. In all of these cases C. 
pseudotuberculosis murium was isolated 
or its presence was confirmed by a smear 
from a lesion. 

These results indicate that irradiated 
Namru mice contracted pseudotuber- 
culosis by either direct or indirect con- 
tact transmission, while nonirradiated 
mice from the same stock did not 
acquire demonstrable disease under 
identical environmental conditions. 

Direct evidence for ‘‘activation”’ of sub- 
clinical pseudotuberculosis by total body 
X irradiation.—The following experi- 
ment was designed to determine the 
possibility of activation of a latent or 
subclinical infection by sublethal irradi- 
ation. One hundred and fifty 5- to 6- 
week-old Namru mice were distributed 
into 3 cages, 50 mice per cage. To each 
of these cages were added 10 marked 
Namru mice previously inoculated with 
about 1X10° C. pseudotuberculosis mu- 
rium intrathoracically. While all of the 
infected animals died within 11 days, 
none of the normal contacts succumbed. 
At no time during this 11-day period 
were the dead animals removed from 
the cages; however, the day after the 
last injected mouse died, the 150 ani- 
mals were transferred to three clean 
cages. Fifty of the mice were then ex- 
posed to 350 r and another 50 animals 
received 200 r, the remaining 50 served 
as the nonirradiated controls. On the 
same day a group of 65 mice, exposed to 
350 r fourteen days previously, were 
placed in the same room to serve as 
controls on ‘‘indirect’’ contact trans- 
mission. All dead animals were autop- 
sied and smears of suspicious lesions 
were made to confirm the presence of 
C. pseudotuberculosis murium. 
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TABLE 2.—Activation of psedotuberculosis in Namru mice by sublethal radiation. 


Contact with infected animals 


Direct, prior to irradiation 


Indirect, 14 days after irradiation 


* Expressed as number dead /total number 


Mortality, 3 weeks after exposure 
to varying doses of X-ray* 


11/50 





Number of sacrificed animals with 
pseudotuberculosis lesions ft 


350 r 





200 r 





4/15 


? Expressed as number of animals with lesions /number of mice sacrificed. 


The results of these experiments are 
summarized in table 2. It will be 
noted that among the 150 mice which 
had been in intimate contact with the 
experimentally infected animals, deaths 
occurred only among those which had 
been exposed to 200 and 350 r of total 
body X radiation after the infected con- 
tacts had been removed. Within the 3- 
week observation period, 22 and 44% 
respectively, of these animals died, and 
the deaths could be clearly attributed to 
C. pseudotuberculosis murium. No deaths 
occurred among the nonirradiated mice 
which had been exposed to the same 
source of infection. Of the group of 65 
mice which had been irradiated 14 days 
before they were placed into the en- 
vironment of the ‘‘experimental room”’, 
8% succumbed within 3 weeks to 
pseudotuberculosis. These observations 
substantiate the previous suggestion 
that sublethal X radiation may activate 
previously acquired subclinical infec- 
tions with C. pseudotuberculosis murium, 
and also lend further support to the 
previously presented evidence for the 
susceptibility of irradiated mice to in- 


direct contact transmission of pseudo- 


tuberculosis. In this particular experi- 
ment it appeared that exposure to 350 r 
was more effective in the activation of 
pseudotuberculosis infection than was 
exposure to 200 r. 

The results of autopsies on surviving 
mice sacrificed 3 weeks after exposure 
to varying doses of X rays suggest that, 
had the observation period been ex- 
tended, additional mice among those 


which received 200 and 350 r might 
have died. It would have been difficult, 
however, to decide whether these ani- 
mals had been subclinically infected at 
the time of their exposure to irradiation, 
or whether they had contracted the 
disease by contact transmission after 
X irradiation. 

Serological evidence for high :ncidence 
of pseudotuberculosis among R_ strain 
mice and its spread to Namru mice.— 
The results of a serological survey sup- 
ported the evidence derived from the 
previous experiments that Namru mice 
were free of infection with C. pseudo- 
tuberculosis murium until placed in an 
infected environment after irradiation. 
This survey was made on animals from 
the breeding colony and on representa- 
tive groups of both strain R and Namru 
mice housed in various other locations 
in the laboratory. The results are sum- 
marized in tables 3 to 5. Pools of serums 
of representative nonirradiated Namru 
mice from the breeding colony con- 
sistently had agglutination titers against 
C. pseudotuberculosis murium of less 
than 1:8. Serum pools of Namru mice 
kept in the “clean room” on the 4th 
floor and even those of Namru mice kept 
in the “infected room” (5th floor) for 
varying periods of time also lacked 
measurable agglutinins. In contrast, as 
may be seen from table 3, irradiaged 
Namru mice kept in the “infected 
room” on the Sth floor or in the ‘‘ex- 
perimental room’’ on the 4th floor 
generally developed significant agglu- 
tination titers; 7 out of 13 pools of 
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TABLE 3,—A gglutination titerst of serum pools for 
C. pseudotuberculosis murium. Irradiated Namru 
mice not deliberately infected. 


“Experimental 
room” 
4th floor 


“Infected 
room” 
Sth floor 


“Clean room” 
4th floor 


Group'_—‘ Titer 


Group 


Titer Group 


Titer 


13 <8 <8 8 32 
13 <8 <8 8 64 
128 


16 


Group 13 =350 r at age 5 to 6 weeks, sacrificed after 6 weeks 
observation. 

Group 17 = 50 to 350 r at age 5 to 6 weeks, sacrificed after 4 
months observation. 

Group 9 =350r at age 5 to 6 weeks, sacrificed after 8 weeks 
observation. 

Group 11 =350 r at age 5-6 weeks, sacrificed after 6 weeks 
observations 

Group 12 =350 r at age 5-6 weeks, sacrificed after 6 weeks 
observation. 

Group 8=200 r at age 5 to 6 weeks, sacrificed after 4 
weeks observation. 


* Deaths due to C. pseudotuberculosis murium occurred 
during these observation periods. _ 
t Reciprocal of final serum dilution. 


serums had agglutination titers greater 
than 1:32. However, irradiated Namru 
mice kept in the ‘‘clean room” on the 
4th floor failed to develop titers greater 
than 1:8. It is of interest to note that, 
in general, titers as high as 1:64 or 
greater developed only in the surviving 
mice (groups 9 and 11) from cages in 
which an epidemic of pseudotuberculo- 
sis had occurred. 

Data presented in table 4 indicate 
that irradiated Namru mice which had 
been exposed to sufficient antigenic 
stimulus, as a result of experimental 
infection, were capable of developing 
high agglutination titers against C. 


TABLE 4.—A gglulination titers* of serum pools for 
C. pseudotuberculosis murium. Namru mice sur- 
viving injection with 10° to 108 C. pseudo- 
tuberculosis murium cells. 


Route of injection 


Intraperi- 
toneal 


8912 8912 


Intranasal 


Not X-rayed 8 
200 r O4 


1024 1024 


Mice X-rayed 4/9, challenged 4/16, sacrificed 5/9. 
* Reciprocal of final serum dilution. 
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pseudotuberculosis murium. Even those 
mice which had been exposed to 200 r 
total body irradiation only a week be- 
fore infection developed high titers 
within 3 weeks after infection, or 4 
weeks after irradiation. Serums from 
mice of strain R, on the other hand, had 
consistently high titers (table 5), no 
matter whether these serums were de- 
rived from irradiated or from 
irradiated animals of this strain. 

The results of these serological find- 
ings are in close accord with the pre- 
viously recorded epidemiological ob- 
servations. Namru mice, irradiated or 
not, which had been kept in a room free 
from contamination with C. pseudo- 
tuberculosis murium, developed neither 
pseudotuberculosis nor significant ag- 
glutination titers against the organism. 
Among the Namru mice which were ex- 
posed to the environment of the 5th 
floor “infected room”’, or the 4th floor 
“experimental room’’, only the irradi- 
ated group developed significant agglu- 
tination titers. It will be recalled that 
indirect contact infection with pseudo- 
tuberculosis occurred in this group of 
Namru mice and not among Namru 
mice which had not been X rayed. On 
the other hand, serums from both the 


non- 


TABLE 5.—A gglutination titers* of serum pools for 
C. pseudotuberculosis murium. Strain R mice not 
deliberately infected. 


X-rayed 


Not X-rayed 
Group__‘ Titer 


Ri 512 R2 64 R10 64 
R1i 8 


Group Titer 





Group Titer 





R2 128 R10 

1024 R7t 128 Ril 
512 R7t 1024 R6 64 
4096 R7f 256 R6 1024 
1024 R8t $12 R6 28 
R8t 1024 RS 8912 

R8t 256 RS 2042 


1024 
2048 


R1 =Shipment 2/4/52. 

R3, R9 =Shipment 1/28/52. 

R2, R7, R10 =shipment 1/28, 350 r 2/19. 
R11 =Shipment 1/28, 250 r 2/19. 

RS =Shipment 1/28, 350 r 2/12. 

R6 =Shipment 1/28, 350 r 2/5. 

All animals sacrificed 5 /4-5/9. 


* Reciprocal of final serum dilution 
¢t R7 and R& in jars, 2 mice per jar; all other groups kept 
in large cages. 
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X-rayed and the nonirradiated R strain 
mice were of high titer. This observa- 
tion agreed well with the high incidence 
of lethal pseudo-tuberculosis among 
irradiated mice of this strain and with 
the frequent findings of pseudotuber- 
culosis lesions in nonirradiated animals 
of this strain which had died or were 
sacrificed. 

Studies on differential susceptibility to 
experimental infection with C. pseudo- 
tuberculosis murium.—Since evidence 
presented in the preceding pages in- 
dicated that the irradiated Namru mice 
acquired pseudotuberculosis by direct 
or indirect contact, while the non- 
irradiated animals of this strain failed 
to develop this disease, it appeared of 
interest to study the differential suscep- 
tibility to pseudotuberculosis in these 
two groups of mice. It was also expected 
that the response of experimental ani- 
mals to inoculation with C. pseudo- 
tuberculosis murium by different routes 
might throw some light on the mode of 
transmission of pseudotuberculosis. 

Namru mice exposed to 350 r were 
much more susceptible to C. pseudo- 
tuberculosis murium when challenged 6 
days after irradiation than were the 
nonirradiated controls. Results of LD» 
determinations in mice infected by the 
intraperitoneal, oral and_ intranasal 
routes, presented in table 6, indicate 
that regardless of the route of inocula- 
tion, these irradiated mice were at least 
100-fold more susceptible to the agent 
than were the normal controls. The re- 
sults also indicate that the bacterial 


TABLE 6.— Susceptibility of normal and irradiated 
Namru mice to C. pseudotuberculosis murium.* 


Bacterial LDws 

X-rayed 

2.6108 
6 


Route of 
Inoculation 





Normal 





Intraperitoneal 
Intraperitoneal 
Per os 
Intranasal 


6.7 X108 


2x104 
$ x10? 
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LD, for both the irradiated and normal 
mice was much smaller when the ani- 
mals were challenged intranasally than 
per os. 

Animals challenged 7 days after ex- 
posure of the whole body to 200 r proved 
to be no more susceptible to infections 
by the intraperitoneal route than were 
the nonirradiated animals. It is inter- 
esting to note, however, that LDs5» de- 
terminations by the intranasal route 
showed that mice which had been ex- 
posed to 200 r were significantly more 
susceptible to pseudotuberculosis than 
were the nonirradiated controls. Certain 
difficulties in the evaluation of the bac- 
terial LDso0 were presented by the ob- 
servation that the survival time after 
challenge with the same number of or- 
ganisms varied greatly within a given 
group of animals, and that occasionally 
animals inoculated with a very small 
number of bacteria died earlier than the 
animals receiving a much larger dose of 
organisms. 

The results of subcutaneous injection 
of serial dilutions of C. pseudotubercu- 
losis murium cultures in Namru mice 
exposed to 350 r eight days before inocu- 
lation, as well as in ‘‘normal’’ animals, 
are presented in table 7, a sample pro- 
tocol of the experiment. 

It will be noted that irradiated mice 
developed generalized pseudotubercu- 
losis and died, in response to the sub- 
cutaneous injection of about 300 or more 
cells of C. pseudotuberculosis murium. 
In contrast, nonirradiated mice sur- 
vived subcutaneous injection of 3x10® 
cells. Strictly localized infection, at the 
site of inoculation, developed in both 
groups of mice when as few as 3 cells 
were introduced. The greater resistance 
of nonirradiated mice to lethal infection 
with C. pseudotuberculosis murium in- 
troduced subcutaneously correlated well 
with their ability to localize the organ- 
isms. Localization was demonstrated by 
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TABLE 7.—Experimental subcutaneous infection of normal and irradiated mice with C. pseudo- 
, tuberculosis murium. 


Number 
of 
bacteria ———____ —_—_— — 

inocu- 


lated 


Normal* 


3 x 108 


3 X10? 0/6 


3 x10! 


+ + =specific lesions in both kidneys, 


the formation of a subcutaneous abscess 
which eventually ulcerated, drained, 
and healed. The susceptibility of irradi- 
ated mice to the infection appeared to be 
related to their inability to localize the 
introduced organisms. Abscesses which 
had formed at the site of injection 
nearly always spread to the fascia of 
the underlying muscle and frequently 
led to necrosis of the muscle. In addi- 
tion, lesions of internal organs were ob- 
served not only in irradiated mice dying 
during the 3-week observation period, 
but also in some of the sacrificed sur- 
viving animals of this group. 


DISCUSSION 


Although a considerable amount of 
evidence has been collected in support 


Dead X-rayed mice 


+ =specific lesions present, 


* All nonirradiated mice were examined 21 days after inoculation; none had lesions characteristic of generalized pseudo- 
tuberculosis 


t Muscle under the site of inoculation. 


Autopsy findings 
Sacrificed (21st day) 
X-rayed mice 
Number 


ex- 
amined 


Number 
ex- 
amined 


0 


=specific lesions absent. 


of the view that irradiated animals are 
more highly susceptible to infection 
with experimentally administered path- 
ogenic agents, only a few reports are 
available on the transmission of disease 
by natural routes in herds of irradiated 
animals. The possible effect of ionizing 
radiation on latent or subclinical in- 
fections has not been studied in great de- 
tail, though one of us has previously 
presented circumstantial evidence in 
favor of the concept that exposure even 
to low doses of X ray may lead to the 
flare-up of such infections." The R 
strain of mice employed in the course 
of this investigation offered the oppor- 
tunity for a more thorough study of 
these two problems. 


Analysis of the data (fig. 1) sug- 
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gests that both the activation of latent 
infection and direct and indirect trans- 
mission contributed to the unexpectedly 
high mortality evidenced after exposure 
of mice to 250 to 350 r total body 
radiation. 

It will be recalled that 0.5 to 4.0 % 
of the nonirradiated strain R mice re- 
ceived in this laboratory were dead 
either on arrival or within a 3-week 
quarantine period, and that C. pseudo- 
tuberculosis murium was isolated from 
typical pseudotuberculous lesions in 
some of these animals. inspection of the 
curves plotted in figure 1 shows that 
cumulative mortalities rose precipi- 
tously during the first 3 weeks after ir- 
radiation in all 6 groups of these R 
strain mice. However, while deaths 
continued to occur after the initial 3- 
week period among the irradiated R 
strain mice which were kept in ‘“‘com- 
munity” cages, a definite plateau was 
reached at the end of 3 weeks among the 
mice kept in pairs in “isolation”’ cages. 
The difference in cumulative mortalities 
within this 3-week period between the 
various groups kept in “community” 
cages and the group housed in ‘“‘isola- 
tion’’ cages was not statistically signif- 
icant. This observation suggests very 
strongly that deaths within this period 
occurred largely as the result of an 
activation of latent or subclinical in- 
fection. The group of mice irradiated 
on January 30th, two days after their 
arrival in this laboratory, appears to be 
exceptional, since in this group the 
mortality within 3 weeks exceeded that 
observed in any other group. It may be 
assumed that in this case either latent 
infection was more widespread or the 
state of subclinical infection permitted 
easier activation. The continued in- 
crease in mortality in mice in communal 
cages after three weeks of observation, 
and the cessation of mortality in animals 
in glass cages after the same time, does 
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not in itself deny the occurrence of con- 
tact transmission in the latter group. It 
may merely reflect the greater frequency 
of contact with the causative organism 
possible in the communal cages, so that 
the over-all number of bacteria received 
per unit time was sufficiently great to 
result in disease leading to death of the 
animals. 

The presence of high agglutinin 
titers against C. pseudotuberculosis mu- 
rium in the serums from surviving mice 
of the group which has been kept in 
pairs in glass jars, even when both mice 
survived, appears to reflect the general 
finding of significant titers in all the 
various groups of R strain mice (table 
5). It probably indicates that these 
surviving mice also had been infected 
with pseudotuberculosis, but fails to 
show whether the animals had been in- 
fected before the start of the experiment 
or had contracted infection, and thereby 
received sufficient antigenic stimulus 
during the course of the experiment. 

While exposure of nonirradiated 
Namru mice to R strain mice suffering 
from active pseudotuberculosis con- 
sistently failed to bring about clinical 
infection of the Namru mice, it could be 
shown that some of the Namru mice 
thus exposed had contracted subclinical 
or latent infections. Exposure of such 
mice to total body X radiation, after 
removal of the sick contacts from their 
environment, resulted in an outbreak of 
pseudotuberculosis with 22 to 44% 
mortality within 3 weeks after irradia- 
tion. It appears that this observation 
may be of considerable practical im- 
portance in the consideration of public 
health measures among populations 
which have been exposed to ionizing 
radiation. 

The existence of indirect transmission 
of pseudotuberculosis to the irradiated 
mice is a disturbing factor in evaluating 
the incidence of infection following ex- 
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perimental introduction of the causative 
organism. It becomes difficult to decide 
whether irradiated animals dying 3 to 4 
weeks after inoculation had succumbed 
to the experimentally introduced or- 
ganisms or to an infective dose acquired 
by direct contact. It has been shown 
that 50 to 200 r enhanced the suscepti- 
bility to naturally acquired infection 
and that previous exposure to 200 r in- 
creased susceptibility to intranasal but 
not intraperitoneally administered or- 
ganisms. The circumstantial evidence 
obtained throughout this investigation 
would suggest that the intranasal route 
might be the natural portal of entry. It 
may be that X irradiation at the level 
of 200 r or less under the condition of 
this experiment selectively affects the 
bodily defense mechanisms responsible 
for resistance to natural infection, but 
has no significant influence on the fac- 
tors operating in defenses to intra- 
peritoneally administered organisms. 
The observation that mice exposed to 
350 r developed agglutination titers 
(1:1024) within 4 weeks after irradia- 
tion and 3 weeks after infection is of 
interest in the light of the frequently 
observed depressant effect of irradia- 
tion on antibody production in animals 
other than mice.*° 


SUMMARY 


Exposure of R strain mice (obtained 
from a commercial breeder) to doses of 


239 


radiation (200 to 350 r) which are sub- 
lethal to other strains resulted in a large 
number of deaths. Nearly all of the dead 
animals had pseudotuberculous lesions 
in one or several organs from which 
Corynebacterium pseudotuberculosis mu- 
rium was isolated. Lungs, kidneys, liver, 
spleen and lymph nodes were most fre- 
quently involved. Evidence has been 
presented to support the view that X 
radiation activated latent or subclinical 
pseudotuberculosis in these animals. 

It has been shown that clinical pseu- 
dotuberculosis was transmitted both by 
direct and indirect contact to irradiated 
mice of a different strain (Namru) and 
source. However, attempts at contact 
transmission of this infection to non- 
irradiated Namru mice either failed or 
resulted in merely subclinical pseudo- 
tuberculosis. Exposure of the subclini- 
cally infected animals to sublethal X 
radiation resulted in an epidemic of 
pseudotuberculosis. 

Determination of the bacterial LDs5o 
by subcutaneous, intraperitoneal, oral, 
and intranasal routes proved the irradi- 
ated Namru mice to be much more sus- 
ceptible to generalized pseudotuberculo- 
sis than nonirradiated controls. Unlike 
the control animals, irradiated mice were 
unable to localize subcutaneously in- 
jected C. pseudotuberculosis murium at 
the site of inoculation. 


. Taliaferro, W. H. and Taliaferro, L. G. 1951, 
J. Immunol. 66: 181-212. 





A QUANTITATIVE STUDY OF THE INFECTIVITY OF MURINE 
PNEUMONITIS VIRUS IN MICE INFECTED IN A CLOUD 
CHAMBER OF IMPROVED DESIGN 


FRANK M. GOGOLAK* 


From the Department of Bacteriology and Parasitology, The University of Chicago, 
Chicago 37, Illinois 


Weiss and Segeler (1952) have de- 
scribed a dynamic cloud chamber for 
the uniform infection of large numbers 
of mice with agents of the psittacosis- 
lymphogranuloma group of viruses. 
However, since the infectivity of aero- 
sols of these viruses is sharply reduced 
when the relative humidity within the 
chamber reaches 50 to 60% (Rosebury, 
1947; Weiss and Segeler, 1952), the lack 
of any control over the relative humid- 
ity of the secondary air introduced into 
the cloud chamber of Weiss and Segeler 
greatly limited its usefulness. The ap- 
paratus has now been redesigned to 
allow the maintainance of any desired 


relative humidity within the chamber, 
by using dry compressed air as a second- 
ary air source and controlling its mois- 
ture content by passing a portion of 
it through a humidifier. Several other 
improved devices for controlling and 
measuring the properties of the virus 


aerosol were also introduced. With 
these improvements, aerosols of higher 
virus concentration were produced than 
was possible in the original chamber, 
and the infectivity of murine pneumo- 
nitis virus aerosols was quantitatively 
evaluated. Previous quantitative stud- 
ies on the infectivity of the pneumo- 
tropic viruses of the psittacosis group 
have been confined to titrations of sus- 
pensions whose virus content was ex- 


pressed only in terms of the amount of 
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infected tissue present. A_ sensitive 
method of this type was developed by 
Rudd and Burnett (1941), who infected 
mice intranasally with high dilutions 
of psittacosis virus and counted the 
number of foci of infection in the lung. 
The number of sites of infection cor- 
responded to the titer of the virus sus- 
pension. In the present investigation, 
the infectivity of murine pneumonitis 
virus was determined by infecting mice 
in the cloud chamber with inoculums 
whose total elementary body content 
was determined by a method described 
in another report (Gogolak, 1953). A 
quantitative relationship was derived 
between the number of elementary 
bodies in the aerosol inoculum and the 
average day of death of the mice in- 
fected with murine pneumonitis virus. 


MATERIALS AND METHODS 


Virus.—The strain of murine pneumonitis 
virus used in these experiments was isolated by 
Gordon in 1938 and has been maintained in this 
laboratory ever since. Many properties of the 
virus have been described in a series of publica- 
tions from this laboratory (Karr, 1943; Hilleman, 
1945; Weiss, 1949; Moulder and Weiss, 1951; 
Weiss, Moulder and Itatani, 1952). The virus was 
maintained throughout the course of the experi- 
ments by serial passage in mice. Virus pools were 
kept frozen at —70 C and thawed just prior to 
use. 

Animals.—Swiss Albino (Webster) mice were 
obtained from Markham Laboratories of Chi- 
cago, Illinois. In most of the experiments, the 
mice were infected when they were 3 to 4 weeks 
old. Normal control groups were always of the 
same age as the experimentally conditioned ani- 
mals. The mice were kept on an adequate dog 
food and water diet before and after exposure to 
the aerosols of virus. 
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Elementary body counts. ~Vhe elementary body 
content of murine pneumonitis virus suspensions 
was determined by a direct counting procedure 
(Gogolak, 1953). Briefly. the 


method involves 


mixing equal volumes of a virus suspension and 


a bacterial suspension of accurately known count 
and spraying the mixture upon a clean glass 
slide. The treated slide is stained by Gram's 


method, and by microscopic examination the 
mean ratio of virus particles to bacteria is ob- 
tained. The number of elementary bodies per ml 
of virus suspension is equal to the ratio of virus 
to bacteria multiplied by the bacterial cell con- 
centration, 

Cloud chamber construction—The chamber is 


constructed almost exclusively with standard 
commercially available fittings and is operated 
by the utilities serving most laboratories. All con- 
trols and measuring instruments are grouped to- 
gether so that the entire operation can be con- 
trolled by one individual. A view of the chamber 
and controls is shown in figure 2. 

Phe flow of air and aerosol through the system 
can be followed from the diagram in figure 1, 
Iwo separate sources of air, generally designated 
as primary and secondary, are required for the 
production of aerosols. The primary air, which 
performs the actual nebulization of the infective 
inoculum, comes from the compressed air reser- 
voir CA, goes through filter F, and is controlled 
by valve V4 (Victor gas regulator VN55). This 
The 


required air pressure is then applied to nebulizer 


pressure regulator is on the right in figure 3. 


A, which contains the inoculum, and the resulting 
1erosol enters the chamber. The nebulizer, a De 
Vilbiss 40 type, which has been described by 
(1947) Weiss 


is illustrated in figure 6. 


Rosebury and by and Segeler 


1952), 

The secondary air is derived from the com- 
pressed air reservoir and filtered and controlled by 
pressure regulator VJ 
VN50; left, fig. 3). 


reservoir air is approximately 10%. 


(Victor gas regulator 
rhe relative humidity of the 
The moisture 
content can be controlled by shunting any de- 
sired portion of the dry air through the humidi- 
fier 77 (hig. 8 
and V3. The 
heated by an immersed heating element to in- 


The 


then enters the chamber through two radially 


by means of the globe valves V2 


water in the humidifier can be 


crease the vapor pressure. secondary air 
opposed openings in the atomizer port A? (tig. 
6). The mixture of moist nebulized particles and 
the dry air takes place at this juncture of the 
primary and secondary air lines. 

The resulting aerosol circulates within the 
chamber and is withdrawn through the exhaust 
port. Upon leaving the chamber, the effluent 


Murini 


PNEUMONITIS VIRUS 241 


aerosol is lead past a wet-dry bulb hygrometer 
Hyg (tig. 7), through the flowmeter FL (Fisher 
and Porter flowrator, model 735, size 5, fig. 7) by 
a vacuum which is produced by the steam jet 
ejector SJ (Elliot single stage ejector no. 21E, 
fig. 5). It then passes into the exhaust chamber 
EC, where it is sterilized and eventually released 
into the atmosphere. The positive pressure of the 
incoming air is balanced by the negative pressure 
created by the steam jet ejector in such a way 
that the pressure within the chamber is main- 
1 and 

sure so established 
V1 (center, fig. 3). 


Determination of 


tained at 2 inches of water. The pres- 


is measured by manometer 
cloud concentration is ac- 


complished by attaching capillary impingers 


(Rosebury, 1947; Lief and Krueger, 1950) to the 
four sampling ports S connected with the exhaust 
line (left, fig. 4). The impingers can be operated 
in any sequence and for any length of time from 
without the chamber by means of the four valves, 
V5 to V5. During the period of sampling, a dif 
ferential of one-half atmosphere negative pres 
between the exhaust line 


sure is maintained 


and the interior of the chamber. Under these 


conditions, the capillary tube of the impinger 


functions as a critical orifice and a constant 
amount of aerosol per unit time passes through 
the sampler. This pressure differential is meas 
ured by manometer M2. 


In operation, the cloud chamber was very 
stable. Once the desired flow factors were estab- 
lished, the system required very little attention 
during the exposure of animals to the infecting 
aerosols. 

Cloud chamber operation. The mice are placed 
into the chamber in wire mesh cages with indi- 
vidual compartments (Weiss and Segeler, 1952) 
The nebulizer with contained inoculum is fitted 
to the atomizer port and attached to the primary 
airline. The secondary air is regulated to ap- 
proximately desired rate of flow and balanced by 
the exhaust vacuum until the negative pressure 
within the chamber registers —2 inches of water. 
\erosol production is started by allowing the 
primary air to flow through the nebulizer. The 
flow through the chamber must be rebalanced, as 
the primary air adds a small increment of pres- 
sure to the system. The animals remain in the 
chamber until the inoculum is exhausted and the 
chamber cleared of aerosol by running the sec 
ondary air alone through the chamber for 10 
minutes, 

During the exposure, the relative humidity of 
the aerosol is checked repeatedly. The required 
bypassing variable 


value is maintained by 


amounts of secondary air through the humidifier. 
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Fic. 1. 


—> €6 


Diagram of cloud chamber with essential controls and measuring devices; CA, compressed 


air line (40 p.s.i. for secondary air, 20 p.s.i. for primary air); F, air filter; V/, V4, air pressure regula- 


tors; V2, 


V3, by-pass valves for control of relative humidity of secondary air; H, humidifier; AP, 


atomizer port; 71, cloud chamber manometer; M2, exhaust line manometer; S, sampling inlets; V5 
to V8, impinger control valves; Hyg, wet-dry bulb hygrometer; F/, flowmeter; SJ, steam jet ejector; 


EC, exhaust chamber. 


\fter preliminary experimentation, the follow- 
ing factors and conditions were found to be con- 
ducive to the best infectivity and reproducibility 
of results with murine pneumonitis virus 

1. Flow rate through chamber, 50 liters of air 

per minute 

Relative humidity, 28 to 34% 
Air pressure through nebulizer, 10 p.s.i. 
Fluid flow of nebulizer, 0.2 ml per minute 
Pressure within chamber, 1 to —2 inches 
of water 

6. Amount of inoculum, 5 ml of suspension 

In the titration of murine pneumonitis virus, 


these variables were maintained constant at the 


TABLE 1.—Effect of the suspending medium on 
the infectivity of murine pneumonitis virus 


aerosols. 


Number Number 
of ot 
mice deaths 


Average 
day of 
death 


Suspending medium 
adjusted to pH 7.2 


Salt-free veal infusion broth 5 1 
1°% gelatin 5 1 
0.1 M phosphate buffer 5 1 
1% bovine serum albumen 5 2 


? 


values given above. The suspending medium for 


the virus was veal infusion broth made from 


stock dehydrated medium which contained no 


added sodium chloride. Table 1 compares the in- 
fectivity of a single virus preparation suspended 
and sprayed in four different mediums. The salt- 
free veal infusion broth was definitely superior 
to the others and was used routinely as the virus 


diluent in cloud chamber exposures. 


RESULTS 


The average day of death (ADD) of 
mice exposed to different aerosol con- 
centrations of murine pneumonitis virus 
was compared with the total elementary 
body content (EBC) of each of these 
inoculums. This was done by inoculating 
the test mice in the cloud chamber with 
virus preparations whose total EBC had 
been determined by direct count (Gogo- 
lak, 1953). The ADD of the exposed 
mice was then observed. Both crude and 
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purified virus suspensions were evalu- 
ated in this manner. The results of ten 
such determinations are shown in figure 
Qg. 

There is a linear relationship between 
ADD and log EBC within a limited 
range of elementary body concentra- 
tions. However, as the total number of 
elementary bodies (EB) in the inoculum 
is increased, a point is reached at ap- 
proximately 510° EB where further 
increments of virus result in progres- 
sively smaller reductions. A reciprocal 
effect is noted at the lower end of the 
curve. Here, reduction in the total vrius 
content of the inoculum below 10° EB 
causes a disproportional increase in the 
ADD of the mice. If extended upward, 
the fitted curve in figure 9 becomes 
asymptotic to the y axis; if extended 
downward, it becomes asymptotic to 
the x axis. Within the linear portion of 
the curve, a tenfold increase in virus 


concentration causes a change of ap- 
proximately 5 days in ADD. A tenfold 
increase above 5X10 EB produces a 
change of only 1.5 to 2 days in ADD. 


The same decrease in virus content be- 
low 10° EB results in scattered deaths 
through the 3rd, 4th and 5th weeks, 
with a small fraction of mice surviving 
There were no survivors with concentra- 
tions of virus in excess of 10° EB. 

The observed ADD with dilute inocu- 
lums below 108 EB becomes increasingly 
unreliable, as the deaths are irregularly 
distributed over a long period of time 
with great variability in the percent of 
survivors. The same characteristics of 
the infection preclude the establishment 
of a legitimate LD59 dose. Therefore, the 
infectivity titer was measured in regions 
of virus concentration in which all the 
mice were killed within a span of 20 
days. Titration results within these limi- 
tations were reproducible and sharply 
defined. The linear relationship between 
log EBC and ADD permitted any ob- 
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served ADD to be expressed in terms 
of the EBC of the inoculum and vice 
versa. 

The number of EB retained in the 
respiratory tree of the exposed mice may 
be related to the total number of EB 
used in the aerosol inoculum by the 
method of Goldberg (1950). With this 
method of calculation, the following re- 
lationship was found to hold under the 
standard conditions of aerosol inocula- 

EB retained in the 
lung of each mouse is equal to 5X10~5 


lation used here: 
multiplied by the EBC of the inoculum. 
Thus, of a total inoculum of 4108 
EB, a maximum of only 210* EB re- 
mained in the respiratory tree to initiate 
an infection with an ADD of 12.2 days 
(fig. 9). The actual number retained is 
probably much smaller, perhaps by a 
factor of 10, because the calculations do 
not take into account loss of virus due 
to production of noninfectable particle 
sizes or to the inactivation of the virus 
during its nebulization and subsequent 
dehydration in the cloud chamber. 


DISCUSSION 


It has been established that the ADD 
of mice exposed to an aerosol of murine 
pneumonitis virus bears a linear rela- 
tionship to the log of the EBC of the 
inoculum. This relationship exists only 
over a very narrow range of virus con- 
centration. A restriction of this nature, 
particularly with respect to the limiting 
lethality of high concentrations of virus 
appears to be an artificial phenomenon 
and contradictory to infectivity titers 
obtained by other workers. Weiss (1949) 
was able to kill mice by the intranasal 
route in 2 or 3 days with a 20% emul- 
sion of the virus-infected lung. Karr 
(1943) reported a similar high infectiv- 
ity titer with 10% emulsions of infected 
lung. Nigg and Eaton (1944) killed mice 
in 24 hours with this virus. Despite the 
the intranasal 


relative inaccuracy of 
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Figures 2 to 8 show the important structural features of the improved cloud chamber 


Fic. 2.—-General view of the cloud chamber and controls. 

Fic. 3.—Control panel. The pressure regulators for the primary and secondary air are on the left 
and right, respectively. The chamber manometers are located in the center of the panel. Above the 
control board, in the center, is the valve controlling the exhaust vacuum. 

rhe infection chamber. 


Steam jet ejector, center, which produces the necessary vacuum. Steam gauges on the left 


and right, respectively, indicate the steam pressure admitted to the ejector and total steam pressure 
available. 


Fic. 6 \tomizer port with attached nebulizer. Secondary air is introduced radially by means of 
the copper tubing shown above the nebulizer, 

Fic. 7.--Wet and dry bulb hygrometer, center, and flowmeter, left. 

Fic. 8.—Humiditier. 
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Fic. 9. 


rhe relation between the log elementary body content (EBC) of murine pneumonitis virus 


inoculums and the average day of death (ADD) of mice exposed to an aerosol of these suspensions 


rhe linear curve was fitted to the experimental data by the method of least squares. The coefficient 
of correlation of the line is 0.83 and the ¢ value is 0.01, 


the infectivity 
titers obtained by this method assume 


method of inoculation, 
a rough linear relationship to the dilu- 
tion of virus suspension inoculated. In 
the region of high virus concentration, 
this straight line relationship is limited 
by the duration of one developmental 
cycle, 36 to 48 hours after infection. In 
comparison, the limiting infectivity of 
high concentrations of virus inoculated 
via the cloud chamber begins to appear 
when the ADD of the mice approaches 
8 days. This departure from the direct 
proportionality between infectivity and 
virus concentration should not occur 
until the latent period of virus growth 
is reached. 

A probable explanation of this ano- 
malous behavior is furnished by a con- 
the mechanics of aerosol 
inhalation. Within the cloud chamber, 


the inoculum is suspended in the form 


sideration of 


of minute particles, which in order to be 


infective, must have a diameter of 1.8 
pw or less (Sonkin, 1951). The virus itself 
is approximately 0.4 uw diameter. There- 
fore, the range of infective particle size 
lies between 1.8 uw and 0.6 uw, assuming 
a coating of protein vehicle is necessary 
to maintain infectivity of the nebulized 
virus. Within the lung, impaction occurs 
when particles reach a critical velocity 
which varies inversely with their mass. 
Particles of similar mass are impacted 
only in those sites where the required 
velocity is first attained. The restricted 


infective particle size for murine pneu 


monitis virus imposes a limit on the 
number of sites where deposition of the 
virus can occur. Conversely, there will 
exist within the lung innumerable sites 
which will be inaccessible to infection 
by the aerosol method by virtue of the 
aerodynamic design of the lung. If a 
given virus inoculum is of sufficient con- 
centration to infect each available site 
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with one particle, further increase in 
inoculum would result in multiple im- 


paction of the same sites. The progres- 
sive saturation of the available sites 
with at least one particle is a function 
of the virus content of the aerosol. The 
ADD then becomes a function of the 
fraction of available sites infected. This 
gives rise to the linear relationship be- 
tween infectivity and virus concentra- 
tion. As all of the possible sites become 
infected, the numerical ADD decreases 
until a saturation point is reached where 
further increase in virus concentration 
of the inoculum deposits more virus 
into the already infected sites. Since, 
as bas been demonstrated in the histo 
pathological studies (Gogolak, 1953a), 
only one vesicle is needed to initiate a 
spreading inflammation, multiple in- 
fection of a single site would have a 
negligible effect on reducing the ADD. 
This becomes understandable when it is 
known that the death of the infected 
animal results from the confluence of 
these isolated, infectious processes. 
Therefore, when the virus concentration 
in the aeorsol exceeds the minimal satur- 
ating requirements, the linear relation- 
ship between infectivity titer and virus 
concentration no longer obtains. 
Limitation of infection is not encoun- 
tered when the virus is introduced into 
the lung by the intranasal route. The 
fluid inoculum is distributed extensively 
in the lung by the respiratory dilation 
and contraction of that organ. All sus- 
ceptible cells in contact with the fluid 
menstruum may be infected by the con- 
tained virus particles. If a sufficiently 
large number of primary infections are 
initiated, death of the 


after 


animal 
the first de- 
velopmental cycle. The discrepancy be- 
tween the minimal ADD obtained by 
the two methods of may 
thus be explained. The advantage of 
lower ADD obtained by the intranasal 


may 


occur immediately 


inoculation 
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inoculation method is offset, however, 
by the uneven distribution of the virus 
within the lung, the introduction of 
fluid into the alveolar spaces, and the 
great variation in the total inoculum 
retained in the lungs of mice infected 
with the same preparations. 

The direct proportionality between 
titer and virus concentration is lost 
again when the total EBC of the aerosol 
inoculum is lowered below 10° EB. The 
reason for this is less clear. Presumably 
in light infections, the confluence of 
sparsely distributed lesions takes place 
at a slower rate because of the greater 
distance separating them. Since distance 
is a geometric function in this instance, 
the linear relationship should still hold, 
unless another factor which decreases 
the rate of inflammatory spread is pres- 
ent. This factor is, in all probability, 
a manifestation of an immune response 
of low protective capacity. It serves, 
however, with intermediate virus con- 
centrations, to prolong the life of the 
mouse beyond an ADD predicted by 
the downward extrapolation of the cor- 
relation curve. With light infections, 
this protective factor is sometimes suffi- 
cient to allow recovery of the animal. 


SUMMARY 
The 
scribed by Weiss and Segeler (1952) was 


dynamic cloud chamber de- 
redesigned and rebuilt to control and 
measure important factors in aerosol 
production such as the relative humidity 
within the chamber during exposure of 
animals to the infecting aerosol, cloud 
concentration, total airflow through the 
system, and the relative pressures de- 
velopment in the chamber and in the 
exhaust line. 

The average day of death (ADD) of 
mice infected with murine pneumonitis 
virus in the cloud chamber was corre- 
lated with the total elementary body 
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content (EBC) of the inoculum. A linear 
relationship \DD and log 
EBC existed within a narrow range of 


between 


Virus concentration. With inoculums of 
high virus concentration, the ADD of 
the infected mice approached a limiting 
value considerably higher than obtained 
with inoculation. The 
crepancy between the minimal ADD ob- 
tained by the two methods of inocula- 


intranasal dis- 


tion was explained on the basis of the 


limited number of sites within the lung 


susceptible to impaction of virus in- 
haled in aerosols. 
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From the Department of Bacteriology and Parasitology, 
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In investigating the histopathology 
of murine pneumonitis virus infection 
in mouse lungs (Gogolak, 1953a), mice 
were inoculated in a cloud chamber with 
a purified virus preparation in order to 
confine the cellular reactions within the 
lung to those provoked by the virus 
itself and not by the normal lung con- 
stituents accompanying crude virus 
preparations. The virus was _ purified 
from infected mouse lungs by a modifi- 
cation of the method developed by 
Moulder and Weiss (1951) for the puri- 
fication of feline pneumonitis virus from 
yolk 
total nitrogen, elementary body count 
and infectivity indicated that the virus 


infected sac. Determination of 


preparations obtained by this procedure 


showed a hundredfold reduction in non- 
viral nitrogen. The purified virus was 
also examined with light and electron 
microscopes and its morphological char- 
acteristics observed. 

The 


contained in murine pneumonitis virus 


number of elementary bodies 
preparations was determined by a tech- 
nique patterned after the electron micro- 
scope method of Williams and Backus 
(1949) and Backus and Williams (1950). 
Their procedure was modified so that 
virus particles could be counted with 
the This 
method was also used in the study of 
the (Gogolak, 1953) and 
growth characteristics (Gogolak, 1953a) 


light microscope. counting 


infectivity 


of murine pneumonitis virus. 
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MATERIALS AND METHODS 


Total 


the virus suspensions at various stages of the 


nitrogen.-Nitrogen determinations on 
purification procedure were done by a micro- 
Kjeldahl method described by Groman (1951). 

Staining procedures.—\nfected lung smears 
were stained with Macchiavello stain (Macchia- 
vello, 1937). A modified Gram staining technique 
(Moulder and Weiss, 1951) was used for the puri- 
fied virus preparations. 


Anti- 


serum against normal lung tissue was prepared by 


Antiserum against normal mouse lung. 


inoculating rabbits intravenously with 1.0 ml of 
a 10% suspension of normal mouse lung every 2 
days until 10 such injections were given. One 
week after the termination of the immunization, 
the rabbits were bled by cardiac puncture under 


The 


—20 C. Prior to use in the purification 


aseptic conditions. serum obtained was 
stored at 
method, the serum was inactivated in a water 
bath for 30 minutes at 56 C. 

Method for 


Williams and his associates (1949 and 1950) have 


counting elementary bodies. 

described a method for direct counting of virus 
particles with the electron microscope. Definite 
volumes of the virus preparation and a suspension 
of polystyrene latex particles of known count are 
mixed and sprayed on a suitable screen. From the 
ratio of virus particles to latex particles seen in 
the electron micrographs, the number of virus 
particles per ml can be calculated. An analogous 
method has been developed for counting the 
elementary bodies of murine pneumonitis virus 
with the light microscope. The virus suspension 
is mixed with a bacterial suspension of known 
rhe 


ratio of the elementary bodies to the bacteria can 


count; sprayed on a glass slide and stained, 
be determined by examination with the light 
microscope. 

Escherichia coli was selected as the bacterium 
to be used for the direct count. The organism was 
grown for 24 hours in a glucose synthetic medium 
and the cells harvested and washed twice with 
water. A suspension containing approximately 
10° bacterial cells per ml was prepared, and the 
cell count accurately determined with a Petroff- 
Hauser counting chamber. Exactly 0.5 ml of the 
bacterial suspension was thoroughly mixed with 
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0.5 ml of virus suspension. The mixture 


sprayed at 10 pounds per square inch air pressure 


Wis 


from a Chicago type atomizer against a clean 
glass slide whose flat side was placed at right 
angles to the atomizer jet. Figure 1 shews the 
complete apparatus in operation. The slide was 
held 8 to 10 inches from the atomizer nozzle. If 
the slide was too close, too great a concentration 
of the mixture was deposited on the slide in an 
uncontrollable short space of time. At too great 
a distance, the droplets dried before striking the 
slide. A preliminary test of atomizer performance 
was made with water. At approximately the 
correct distance, the slide showed a faint fogging 
on about the third second of spraying. In actual 
practice, the time of spraying was about one- 
half to one second duration. 

The sprayed slides were flamed and stained 
with Gram’s stain. The gentian violet was not 
allowed to act for more than 30 seconds; pre- 
cipitation of the stain caused serious staining 
artefacts when this precaution was neglected. 

rhe slides were examined with an oil immersion 
90 objective and a 10 eyepiece. The eyepiece 
was fitted with a disc containing a centrally 
located hole one-fourth inch in diameter. This 
restriction of the field aided the counting by 
limiting the number of particles visible at one 
time and by allowing the entire field to be in 
precise focus. Fifty such restricted fields were 
counted and the mean ratio of virus to bacteria 
(V/B) The number of 
mentary bodies per ml is equal to V/B times the 
number of bacteria per ml in the standard bac- 
terial 


was determined. ele- 


suspension. Four typical fields are il- 
lustrated in figures 2 to 5. 

The precision of the count was checked by 
spraying different ratios of virus to bacteria. The 
counts dilutions 


agreed closely. The most reliable counts were 


obtained from these various 
made when the number of elementary bodies 
was approximately equal to the number of bac- 
teria in the spraying mixture. 

Originally the counting procedure was used 
only with purified virus. Later it became neces- 
sary to determine the virus count of crude prep- 
arations. The method was found to be very satis- 
[ after 
homogenization of the infected mouse lung was 


factory if the crude sediment obtained 
washed twice by suspension and sedimentation in 
distilled water and then diluted at least 1 to 4 
before mixing with the bacterial suspension. 
Purification of the murine pneumonitis virus 
from the mouse lung. The virus and the mice 
used in the preparation of crude virus suspensions 
were described in a preceding report (Gogolak, 


1953). Fifty to seventy-five mice were inoculated 
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in the cloud chamber with a virus aerosol of suf- 
ficient concentration to cause death in 8 or 9 
days. When the lungs of autopsied, infected con- 
trols exhibited extensive consolidation, all of the 
remaining animals were sacrificed by dislocation 
of the cervical vertebrae. The lungs were re- 
moved immediately and placed in an ice bath. 
All subsequent operations were done at 0 C. 

he virus particle is contained in the cytoplasm 
of the lung cells, as is shown in figure 6. The ele- 
mentary bodies were freed by homogenizing the 
lungs (Waring blendor or Potter-Elvehjem glass 
homogenizer) in sufficient phosphate saline buf- 
fer, pH 7.4 (Moulder and Weiss, 1951), to give a 
20% The was 
trifuged at low speed in a horizontal centrifuge 
(300g for 10 minutes in an International size 1 


suspension. homogenate cen- 


centrifuge) and the virus containing supernate 
recentrifuged at high speed in an angle centrifuge 
(3000 X g for 30 minutes in a Servall SS-1 cen- 
trifuge). The sediment was resuspended in phos- 
phate saline to original volume. 

The next step in the purification procedure 
makes use of Celite adsorption of extraneous 
material, after the method employed by Fulton 
and Begg (1946) for the preparation of suspen- 
sions of typhus rickettsiae from infected mouse 
and rat lungs. Celite (Johns-Manville, analytical 
filter aid) was added to the murine pneumonitis 
virus suspension in the ratio of 1 g of Celite to5g 
of lung present in the original homogenate. After 
thorough mixing, the suspension was allowed to 
stand for 10 minutes at 0 C. The preparation was 
again centrifuged at low speed and the sediment 
discarded. The supernate was centrifuged at high 
speed and the resulting sediment suspended in 
phosphate saline to 20% of the volume of the 
original crude homogenate. 

Aliquots of the partially purified virus prep- 
arations were mixed with varying dilutions of 
anti-normal mouse lung serum prepared in the 
rabbit to determine the zone of optimal floccula- 
tion of the residual normal lung constituents still 
remaining in the virus preparation (see Moulder 
and Weiss, 1951). The fastest and most complete 
flocculation the antiserum 
and antigen were mixed in the proportion of 1 


was observed when 
part serum to 2 parts virus suspension. The cal- 
culated amount of antiserum necessary to com- 
pletely precipitate the normal lung antigens was 
added to the remainder of the Celite purified 
virus preparation. After 12 to 15 hours at 0 C, 
the mixture was centrifuged at low speed for 10 
minutes and the virus-containing supernate re- 
moved and saved. The immune precipitate was 
resuspended in phosphate saline to one-half the 


original volume and recentrifuged at low speed. 
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Fic. 1.--Spraying apparatus used in the preparation of slides for the direct elementary body counts 
of murine pneumonitis virus suspensions 


Fic. 2-5.—Photomicrographs showing sample fields from which the ratio of virus to bacteria is 


determined. The rod shaped bodies are Esch. coli and the small round particles are the elementary 


bodies of the virus. Gram stain. < 1600 
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PaBce 1. 


Fraction* Mg total nitrogen 


After first low speed sedimentation 
After first high speed sedimentation 
After Celite adsorption 

After antiserum flocculation 


27.50 
1.90 
0.19 
0.09 


* Each fraction represents the total yield from 3 pairs of 
t See Gogolak (1953) 


lhis supernate was added to the first and the 


sediment discarded. The combined supernates 
were washed free of serum by two high speed 
sedimentations and suspensions in phosphate 
saline. After the final washing, the sediment was 
resuspended in phosphate saline to one-fifth the 
volume of the original homogenate from which it 


was derived. 


EXPERIMENTAL RESULTS 


The extent of purification of murine 
pneumonitis virus from the mouse lung. 
Total nitrogen, elementary body con- 
tent, and the infectivity of the virus was 
determined at four points in the purifi- 
cation. The results are given in table 1. 
The ratio of total nitrogen to elementary 
bodies that a hundredfold 
amount of 


indicates 
the nonviral 
nitrogenous material per virus particle 
was achieved. The value of 10~" g N /ele- 
mentary body for murine pneumonitis is 


reduction in 


of the same magnitude as that obtained 
for feline pneumonitis virus by Zahler 
and Moulder (1953). The maximum 
virus content of fully consolidated lungs 
amounts to about 1% of the dry weight 
of the lungs. This is consistent with the 
limitations of growth imposed by an 
The 
purification results in a loss of approxi- 
mately one-half of the virus, but little 
if any of the virus is inactivated. If the 


intracellular mode of existence. 


number of elementary bodies is plotted 
against the average day of death of the 
inoculated mice for each stage in purifi- 
cation, all of the points follow the curve 
already established for this relationship 
emulsions (Gogolak, 


in crude lung 


Purification of murine pneumonitis virus from the mouse lung. 


Grams total 
nitrogen per 
elementary body 


Infectivity as 
average day 
of deatht 


Elementary bodies 


50 «10° 1 
2.25 10° x 
6 «10° 1 
oO 10° 9 


1x10" 9.5 
4x10" 9.8 
9x10°4 10.3 
0x10" 10.7 


lungs. 


1953, fig. 9), i.e., the infectivity 
elementary body is unchanged. 
Morphological characteristics of puri- 
fied murine pneumonitis virus.—Micro- 
scopic examination of the final purified 
virus preparation showed very little 
nonviral material present in the Gram- 


per 


stained smears (fig. 7). In high concen- 
tration, the elementary bodies aggre- 
gate, as is indicated by the presence of 
the dark clumps in figure 8. Electron 
micrographs of the purified virus re- 
vealed that it consists of elementary 
bodies similar in size and structure to 
those of the other membeis of the psitta- 
cosis-lymphogranuloma group. The rel- 
ative purity of the preparation is indi- 
dicated by the absence of background 
debris (fig. 9). 

Measurements made directly from 
the electron micrographs of 33 elemen- 
tary bodies give a mean diameter of 
462+41 my. This compares favorably 
with the figure of 497 +77 my obtained 
by Kurotchkin et al (1947) for the same 
virus. The height of the virus as deter- 
mined from the shadow lengths aver- 
ages 191 +40 mu. 

There occur many doublets in which 
the two elementary bodies are found in 
various degrees of separation from one 
another. Figure 10 shows an incomplete 
separation of this type. Whether this 
may be taken as evidence of binary 
fission is open to question when the 


drastic procedures involved in the puri- 


fication of the virus and the preparation 
of the specimen for the electron micro- 
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Fic. 6-13 


Elementary bodies of murine pneumonitis virus as seen under the light 
microscopes 


and electron 
rhe electron micrographs of the purified virus were taken by Mr. L. E. Roth, Senior 


Research Technician, Electron Microscopist, in the Division of Biological and Medical Research, 


\rgonne National Laboratory. The virus was shadowed with palladium at angles of one-third and one 
fifth arctan. 


Fic. 6. 


Lung smear showing the intracytoplasmic elementary bodies (EB) of murine 
virus. Macchiavello stain. «900, 
Fic. 7. 


pneumonitis 


Purified murine pneumonitis virus. Gram stain. < 1500, 
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scope are considered. The coupling of 
of two such elementary bodies may be 
merely an artefact. 

Murine pneumonitis virus exhibits 
some pleomorphism, of which the virus 
structure illustrated in figure 11 is an 
extreme example. Such structures, how- 
ever, are rare. More moderate evidence 
of pleomorphism is found in the obvious 
between individual 
elementary bodies (fig. 12). 


differences in size 


Clumps of elementary bodies are 
found with some degree of regularity 
in which the 


bodies are not discrete but seem to lie 


individual elementary 
in a matrix formed by the confluence 
of their thinner peripheral structure 
(fig. 13). The significance of these aggre- 
gations is not known, but they may pos- 
the larger 
structures formed by the virus in its 
developmental cycle (Weiss, 1949). 


sibily be associated with 


CONCLUSIONS AND SUMMARY 


Murine pneumonitis virus was puri- 


fied from infected mouse lung by a pro- 


cedure involving differential centrifuga- 
tion and precipitation of normal lung 
components with Celite and antiserum 
against mouse lung prepared in the rab- 
bit. The degree of purification was esti- 
mated by determination of total nitro- 
gen, infectivity in the cloud chamber 
and the elementary body count. The 
final purified virus preparations showed 


Fic. 8 
centrated suspensions. Gram stain. & 1500. 
Fic. 9. 
Fic. 10. 
joined. * 32,000. 
Fic. 11 
Fic. 12. 
Fic. 13. 


a hundredfold decrease in the amount of 
total 
without 


nitrogen per elementary body 


infectivity. 
About 50°% of the virus in the crude 


any decrease in 


lung emulsion was recovered in the final 
preparation. Electron micrographs re- 
vealed that murine pneumonitis virus is 
similar in size and structure to other 
the 
granuloma group. Murine pneumonitis 
virus is slightly larger than the agent 


members of psittacosis-lympho- 


of feline pneumonitis (Moulder and 
Weiss, 1951), having a mean diameter 
of 462+41 my and a height of 191+40 
mu. In addition, the murine virus dis- 
plays a greater tendency toward pleo- 
morphism than does the feline pneu- 
monitis virus. 
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Purified murine pneumonitis virus showing the formation of aggregates in highly con- 


Electron micrograph of the purified virus. Note absence of background debris. «30,000, 


Example of a doublet form of the virus. Centers of the elementary bodies appear to be 


Elementary body showing extreme pleomorphism. X 16,000, 
Variation in the size of elementary bodies. « 32,000. 
\n aggregation of elementary bodies joined by their peripheral structures. 32,000, 
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The pneumonic lesions produced by 
the 
granuloma group of viruses have been 


infections of psittacosis-lympho- 
described by a number of workers 
(Shaffer et al, 1940; Rudd and Burnett, 
1941; Karr, 1943; Binford and Hauser, 
1944: Fite et al, 1946). All essentially 
agree that the lung pathology caused 
by these viruses is characteristic of an 
interstitial pneumonia, but since these 
studies were made on advanced infec- 
tions, the development of the lesions, 
in particular the early cellular response 
to the virus, has not been described. 
Discernment of the initial stages of in- 
fection is rendered difficult by the non- 
specific cellular response elicited in the 
lung by the introduction of any foreign 
substance. Investigation of the early 
phases of the disease using virus in tissue 
suspension may lead to erroneous con- 
clusions, the 
alone are capable of producing a marked 


since tissue components 
inflammatory reaction. Nonspecific re- 
actions of this type were observed with 
virus-free lung emulsions when intro- 
duced into the mouse lung as an aerosol 
and with the intranasal inoculation of 
normal yolk sac suspensions (Moulder 
and Weiss, 1951). In the present investi- 
gation, a highly purified preparation of 
murine pneumonitis virus (Gogolak, 
1953a) was used in the study of the cel- 
lular response provoked in the mouse 
lung by this member of the psittacosis 


group. The mice were exposed to a con- 
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centrated aerosol of the purified virus 
in the cloud chamber. By examining the 
lungs of these mice at various intervals 
following exposure, it was possible to 
describe a definite pattern of cellular 
reaction associated with the infection 
from the beginning of the inflammatory 
response up to the death of the animal. 
Stages in the recovery of the infected 
lung were demonstrated with the aid of 
aureomycin, which served to inactivate 
the virus at an advanced stage of lung 
consolidation. The fully recovered ani- 
mals retained the 
lung which probably remain for a con- 


residual lesions in 
siderable time following recovery. 
The growth characteristics of murine 
pneumonitis virus in the mouse lung 
were determined with the aid of the 
accurate and reproducible aerosol meth- 
od of inoculation and the direct count- 
ing procedure from which the elemen- 
tary body content of the lungs at vari- 
ous stages of infection could be derived 
(Gogolak, 1953a). The growth rate was 
measured in terms of both infectivity 
titer and the number of elementary 
bodies produced. The results were in 
general agreement with those obtained 
from the study of growth rates of the 
pneumonia virus of mice and influenza 
virus in the mouse lung (Horsfall and 
Ginsberg, 1951; Ginsberg and Horsfall, 
1951; Ginsberg and Horsfall, 1952). 


MATERIALS AND METHODS 


rhe virus, experimental animals, and method 
of inoculation were described in preceding reports 
(Gogolak, 1953 and 1953a). 

Histological preparations and staining —Two 
series of mice were inoculated with murine pneu- 
monitis virus. In the first series, a large group of 
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mice was exposed to a highly concentrated in 
oculum of purified virus in the cloud chamber 
3, 6, 12, 18, 22, 
4, 5, 6, 7 days after exposure to 


Lung specimens were taken at 14, 
and 44 hours, 3, 
the virus. All control mice were dead at the end 
of the 7th day. This series was used to illustrate 
the progressive cellular reactions resulting in the 
death of the animal. 

In the second series, a group of mice was ex- 
posed to an aerosol inoculum of purified virus in 
the same manner as the first. On the 7th day of 
infection (controls had an ADD of 9.0 days), all 
the mice in this group were given 2 mg of aureo- 
mycin intramuscularly and the same dose was 
repeated 8 days later. None of the mice receiving 
the antibiotic died from the effects of the disease. 
Lung specimens were taken 12, 36, 60, and 84 
hours, 8, 16, 20, 26, 32, 38, and 44 days after the 
first inoculation of the antibiotic. This second 
series was used to show the recovery of the lung 
from the effects of murine pneumonitis virus in- 
fection. 

All the lungs were fixed in situ by injecting 
Zenker's formol 10% into the lungs via the tra- 
chea. The lungs were removed from the mouse and 
placed in the same fixative for 3 hours. Following 
fixation the specimens were washed, dehydrated, 
sectioned to 6 m and 


imbedded in celloidin, 


stained with hemotoxylin-eosin-azure II. 


EXPERIMENTS AND RESULTS 


ITistopathology of murine pneumonitis 
virus in the mouse lung 


Cellular reactions resulting in the death 
of the animal.—-To study the cellular 
reactions associated with the infection 
of murine pneumonitis virus, mice were 
the 
cloud chamber. Virus purified through 


exposed to a heavy inoculum in 
the Celite adsorption stage (Gogolak, 
1953a) was used for this purpose so that 
only a small amount of nonviral material 
entered the respiratory system of the 
animals. Two mice were sacrificed at 
closely spaced intervals from 90 minutes 
to 7 days after infection for histological 
study of the lungs. Gross macroscopic 
lesions were visible within 3 days, and 
all unsacrificed mice died at the end of 
the 7th day. 

Microscopic examination of the sec- 
tions showed the presence of a diffuse 
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and generalized cellular reaction begin- 
ning at 14 hours and reaching a maxi- 
mum at 6 hours after infection. The 
reaction consisted of a slight increase 
of local macrophages within the alveoli. 
Within a single low power field, a few 
of the alveoli contained 2 or 3 hetero- 
phils. The appeared 
slightly thicker. No increase in the in- 


alveolar septa 
tensity of the reaction was noted after 
6 hours, and at 22 and 44 hours after 
infection, areas of the lung not directly 
infected with the virus were entirely 
normal in appearance. This rapid and 
mild cellular reaction was found to be 
produced by inhalation of aerosols of 
a variety of nonviral protein materials. 
It is impossible, therefore, to ascribe 
this activity to the presence of the virus 
alone, since the agent of infection was : 
suspended in a protein vehicle (veal 
infusion broth) and the inoculum con- 
tained a small residuum of normal lung 
components. 

Virus was first demonstrated in a 12- 
hour section. Figure 1 shows an early 
vesicle with typical coarse granules in- 
fecting the capillary endothelium of the 
septal wall. The lung tissue in the in- 
fected area is entirely normal with no 
evidence of cellular reaction. All cells 
found in this region are those composing 
the structure of normal lung. Isolated 
virus structures such as this may be 
found up to the 44th hour after infec- 
tion. Three examples are illustrated in 
figures 2, 2a, 3, and 4. In figure 2 a large 
vesicle is located blood vessel 
in which there is no evidence of leuco- 


near a 


cytic mobilization. It appears that the 
entrance of the elementary body into 


the alveolus and its subsequent pene- 


tration of and development within the 
host cell occasions no distinguishable 
inflammatory reaction. As the duration 
of the developmental cycle of murine 
pneumonitis virus is 30 to 36 hours 
(Weiss, 1949), the virus structures in 
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22 hours without 


question part of the first developmental 


sections up to are 
cycle. Study of the infected lung sec- 
tions in this investigation reveals that, 
although as described by Weiss, most of 
the initial vesicles burst within the 30 
to 36 hour range, the cycle from elemen- 
tary body to fully developed vesicles 
may extend to 48 hours. The virus struc- 


the 44-hour 


exhibit no surrounding cellular reaction 


tures in sections which 
appear to be in the late stage of the first 
developmental cycle. They do not repre- 
sent phases of the secondary cycle. 

The first cellular reaction which may 
be ascribed definitely to the action of 
the virus is seen in the 44-hour sections. 
The an 
accumulation of heterophils within the 
5. 6, Ga). 
The reaction seems to be initiated by 


reaction is characterized bv 


affected alveolar area (fig. 


the burst of a single vesicle, since the 
density of the primary infection did not 
than cell 
per alveolus. In the same area of in- 


indicate more one infected 
fection (fig. 6b) clusters may be found, 
marking the beginning of a secondary 
that 


Virus containing macrophages (fig. 6b) 


cycle of development in area. 
are observed occasionally, but the signifi- 
cance of phagocytosis in defense against 


the virus cannot be clearly evaluated 
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since the virus appears to continue its 
development within the cytoplasm of 
the macrophage. Although a small num- 
ber of macrophages participate in the 
initial cellular reaction, the early stages 
of the transition of blood lymphocytes 
into macrophages are rarely seen, and 
the observed macrophages at this time 
are chiefly of local origin. Leucocytic 
mobilization in the blood vessels proxi- 
mal to these early stages of inflamma- 
tion is confined to a slight heterophil 
accumulation. 

The cellular reaction described above 
is followed by a radial extension of the 
infection within 3 days (fig. 7). Proximal 
blood vessels delineated by the square 
in figure 7 exhibit a lymphocytic infil- 
tration at this stage of infection (fig. 
7a). 

In a heavy primary infection, several 
of these reaction sites may coalesce with 
resultant probable loss of respiratory 
function in a large portion of the lung. 
In figure 8 such an area is illustrated 
with crosses marking the sites of the 


initial cellular reactions. In the periph- 


eral areas of the spreading infection, 
the individual alveoli become heavily 
infected with virus (fig. 8a). Many of 
these newly infected alveolar spaces 
are filled with cells mobilized by the 


a 


Figures 1 through 31 are photomicrographs of mouse lung infected with murine pneumonitis virus 


All sections were stained with hemotoxylin-eosin-azure I1.* 


Fic. 1-19. 
the terminal stages. 
Fic. 1. 
thelium cell 

FG 
no leucocytic mobilization. «450 
« 900. 

Fic. 3 and 4. 
matory reaction. «900, 

Fic. 5. 


of vesicle. 


« 900 


«100. 


Development of the virus infection in the lung from the inception of the disease up to 
Lung section at 12 hours. Virus in early vesicle stage in the cytoplasm of a septal endo- 


Lung section at 44 hours. Virus vesicle in reaction-free area. Proximal blood vessel shows 


\. Vesicle at higher magnification to show detail of virus structure. 
Lung sections at 44 hours. Virus infecting septal wall with no evidence of inflam- 


Lung section at 44 hours. Preliminary localized inflammatory response initiated by burst 


* Sectioning and staining of the material was done by Miss Alice Roberts of the Department of Bac 


teriology and Parasitology, The University of Chicago. The photomicrographs were taken by Mr. Jean 


Crunelle of the University of Chicage Clinics. 
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earlier infections, but it is still possible 
to find infections in these distal regions 
where no evidence of cellular reaction 
is seen (fig. 8a). This confirms the ob- 
servations that there is no cellular re- 
sponse to the virus particle alone in the 
primary infection. 

A detailed study of the spreading in- 
fection was made from the 3-day sec- 
tions. A typical reaction site was chosen 
for this purpose (fig. 9). The infected 
area is still sharply demarcated from the 
normal lung and is being infiltrated by 
mononuclear in 


leucocytes collected 


a proximal blood vessel (fig. 10). The | 


reaction area itself may be roughly 
divided into the three regions, A, B, and 
C, indicated by the arrows in figure 9, 
The site of the earliest infection is indi- 
cated by the marked area A, the latest 
by area C. Area B is intermediate with 
respect to duration of infection. 

Area A (fig. 11) is composed primarily 
of mononuclear inflammatory exudate 
cells, i.e., lymphocytes, monocytes, 
polyblasts, and macrophages, all or al- 
most all of hematogenous origin. This 
latter assumption is based on the fact 
that lymphoid cells are observed migrat- 
ing from neighboring blood vessels to 
the site of reaction. All alveolar struc- 
ture appears to be obscured in area A, 
and in addition to the cellular com- 
ponents mentioned above, the region 
is occupied by small fragments which 
may be fibrous strands or tissue debris. 
Extravasation of red blood cells takes 


place in this central area either through 


<—lik 


Fic. 6. 
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the destruction of alveolar septa or a 
change of their permeability. No virus is 
present, perhaps because all susceptible 
cells have been destroyed. 

Area C (fig. 12) is the site of the latest 
infection and shows the characteristic 
heterophil accumulation found in early 
infections, However, due to the massive 
mobilization of the agranulocytes from 
adjacent blood vessels, some of these 
cells may also found in area C, 
Alveolar configuration is maintained in 
this area and no free red blood cells 
appear in the spaces. Vesicles of the 
virus appear in large numbers. 

Area B (fig. 13) exhibits cellular char- 
A and C. There 
is a retention of heterophils but not in 
the concentration found in the periphery 
infection. Cells the lymphoid- 
macrophage system (Taliaferro, 1949) 
are found in approximately equal num- 
bers to the heterophils. Alveolar struc- 


be 


acteristics of both area 


of of 


ture is still evident, but as the central 
area A is approached, it becomes pro- 
gressively less well defined. Virus is 
found in this intermediate zone in rela- 
tively low concentration. 

The cellular pattern described above 
is observed to hold for all isolated foci 
the lung at 
this stage of the disease. As the infection 
spreads from a small focus to adjacent 


of infection throughout 


areas, a marked heterophil response is 
educed. Older sites of infection are in- 


filtrated by hematogenous lymphoid 
cells. The heterophils disappear from 


these older sites. The end result of the 


Lung section at 44 hours. 6A. Area delineated by square in figure 6 at higher magnification 


to show the predominant heterophil nature of the initial heterophil response. X900. 6B. Lung section 


at 44 hours. Presence of virus clusters marks the beginning of the secondary developmental cycle. 


Cluster is in the cytoplasm of the macrophage. 900. 


Fic. 7. 


Lung section at 3 days. Extension of infection to adjacent alveoli. K 100. 7A. Higher mag- 


nification of blood vessel inclosed in square in figure 7. The mobilized leucocytes are chiefly mono- 


nuclear cells. «900. 
Fic. 8. 


Lung section at 3 days. Coalescence of two foci whose centers are marked with crosses, 


The dark areas are accumulations of heterophils. x 100. 
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infection, histologically, is a central 


structureless region which is free of 
virus, and is occupied primarily by the 
cells of the lymphoid-macrophage sys- 
tem and by red blood cells. Amorphous 
material derived from exudate and tis- 


sue Alveolar 


debris is also present. 
structure has disappeared and presum- 
ably this area of the lung is no longer 
functional. 

The progressive spread of the infec- 
tion beyond this point may be observed 
in the low power photomicrographs 
taken of lungs at 3 days (fig. 14 and 15), 
4 days (fig. 16), and 6 days (fig. 17) 
after infection. With a heavy inoculum 
of virus such as was used to produce this 
series of sections, a large number of 
individual reaction sites are formed. 
As these coalesce, a major portion of 
the lung is consolidated with subsequent 
diminution of functional lung space. 
On the 4th day of infection those areas 
of the lung not directly involved with 
the spreading infectious process lose 
their 


The 


abnormal number of free macrophages 


heretofore normal appearance. 


alveolar spaces now contain an 
of both blood and tissue origin, and the 
septal walls are swollen. Cellular exu- 
date, consisting chiefly of heterophils 
and a small number of mononuclear 
cells, appears in the bronchioles. In the 
later stages of the disease, the edema- 


tous exudate formed by the infection 


Fic. 8A. 
Fic. 9. 
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the noninfected 
alveoli (fig. 18 and 19). This loss of 
functional alveolar space either through 


fills the majority of 


direct infection of the tissue or by con- 
gestion with products of the infection 
likely in the 
asphyxiation of the animal. 


results most eventual 
Cellular reactions in recovery of the 
lung from infection. 


of lung recovery 


The gross aspects 
the 
the virus infection are illustrated in a 


from effects of 


series of low power photomicrographs 
(fig. 20 to 25). The mice had been given 
the antibiotic aureomycin at a point 


in the infection when extensive lung 
consolidation was present. Figure 20 
shows a lesion 12 hours after the admin- 
istration of the aureomycin. The dark 
clusters of cells and the spreading, dif- 
fuse edges of the lesion are still char- 
acteristic of an active infectious process. 
At 36 hours (fig. 21) the dark cell clus- 
ters (heterophils) have disappeared, 
leaving what appears to be homogenous 
areas of dense tissue. Figure 22, taken 
at 84 hours after aureomycin, shows 
even less variation of cellular density 
in the lesion. The demarcation between 
normal lung tissue and the lesion has 
become more distinct than the diffuse 
periphery of active infections. When 
viewed at this magnification, further 
resolution of the lesion seems to involve 
only a decrease in cellular density of 
the affected area. This is illustrated in 


Lung section at 3 days. Multiple infections of alveolar walls by the virus. K 900. 
Lung section at 3 days. Active infectious process selected for detailed cellular study 


Note 


leucocytic mobilization in blood vessel and the streaming of these cells to the site of infection. The 
three zones indicated by the arrows are (A) the center and oldest portion of the infection, (B) inter- 
mediate zone with respect to position and duration of the infection, and (C) the peripheral zone and 
site of latest infection. « 100. 

Fic, 10, 

Fic. 11. 
the presence of mononuclear leucocytes of hematogenous origin. No virus is found in this area. 900. 

Fic. 12.—Lung section at 3 days. Peripheral zone of infection (C) of figure 9. This region is charac- 
terized by a high concentration of heterophils and by relatively heavy virus infection. «900. 

Fic. 13.—Lung section at 3 days. Intermediate zone (B) of figure 9. Alveoli are still intact and the 
cells consist of a mixture of heterophils and mononuclears. 900. 


Portion of blood vessel found in figure 9 showing mobilization of mononuclear cells. * 200. 
Lung section at 3 days. Center portion (A) of figure 9 showing loss of septal structure and 
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figures 23, 24, and 25, taken at 8, 12, 
and 16 days after the injection of aureo- 
mycin. Lesions of this nature were ob- 
served in lungs 44 days after the anti- 
biotic was administered. The mice at 
this fully and 


showed no signs of respiratory distress. 


time were recovered 

In essence, the cellular changes paral- 
lel the gross changes in appearance seen 
in the low power study. At 12 hours 
after aureomycin, the lesion still pos- 
active 
infection (fig. 26). The center (fig. 26A) 
of the reaction site has the typical struc- 
tureless 


sesses the characteristics of an 


appearance and is occupied 
primarily by mononuclear exudate cells. 
The periphery of the infection has the 
characteristic concentration of hetero- 
phils (fig. 26B). Within 36 hours after 
aureomycin administration, the picture 
27). The infected 
appears less dense, particularly at the 
periphery, although the demarcation 


between normal and infected lung is still 


changes (fig. area 


diffuse. The center of the reaction has 
much the same appearance as in the 
(fig. 26A), but the 
peripheral zone has lost almost entirely 


previous section 


its heterophil components (fig. 27A). 
The dead heterophils have been removed 
through intense phagocytic activity on 
the part of the macrophages (fig. 27B 
and 27C). In 60 hours the hea-ry cen- 
centrations of cells at the periphery have 
almost disappeared (fig. 28). It is ap- 
parent that the dense accumulations of 
heterophils were caused by the periph- 
eral activity of the virus. Inhibition of 
the virus activity of aureomycin was 
paralleled by the abrupt disappearance 


of the heterophil aggregations. The 


> oes 


Fic. 14-17 
(fig. 16) and the 6th day (fig 


The extent of infection of the mouse lung on the 3rd day (tig 
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lesion now consists of a very dense con- 
centration of mononuclear exudate cells 
in an area with no semblance of alevolar 
structure. At 12 days. the lesion has a 
more Open appearance with fewer cells 
per unit area (fig. 29). There are much 
fewer macrophages than _ previously 
seen and a network appears to be form- 
ing with cells resembling those of normal 
septal endothelium (fig. 29A). The le- 
sions observed at 16 days (fig. 30 and 
31) represent the most advanced stage 
in resolution of the infected area up to 
and including 44 days after the injection 
of aureomycin. As is shown in figure 


314, the lesion consists of a compressed 


network of alveoli, with small numbers 
of macrophages in the open areas. This 
may or may not be functional lung. 
Peripheral resolution of these residual 
lesions may be occurring at an imper- 
ceptible rate, as the total area of the 
lesions on the 16th day after the aureo- 
mycin inoculation is much less than that 
of the consolidated areas observed in 
the 12-hour sections. 

The same process of resolution was 
observed in animals surviving a light 
infection. While it was technically im- 
possible to follow the consecutive stages 
of recovery in these mice, residual le- 
sions of the type described above were 
found in the 8th week after infection. 


Growth of the virns in the mouse lung 


The rate of growth of murine pneu- 
monitis virus in the mouse lung was 
determined by measuring the total virus 
content of infected lungs removed at 
intervals after exposure to a virus aero- 


sol. Three groups of mice were used. 


14 and 15), 4th day 


17). The lung in figure 17 is almost completely consolidated by radial 


extension and coalescence of individual foci of infection. x 20. 


Fic. 18 and 19 


Lung sections at 6 days (fig. 18) and 7 days (fig. 19). Edematous fluid is observed 


in all alveolar spaces not involved by infection. Only the major alveolar ducts appear to be free of 


obstruction. 100. 
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The first group was exposed to an aero- 
sol inoculum of a 0.1% suspension of a 
standard pool (EBC =1 10%), the sec- 
to a 0.2% suspension (EBC =2 
<10*), the third to a 1.0% suspension 
(EBC =1 10%). At the intervals indi- 
cated in figure 31, the total virus con- 


ond 


tent of 5 lungs from each group was 
determined by titration. The 5 lungs 
were homogenized in veal infusion broth, 
the emulsion centrifuged at low speed, 
and the supernate used as the aerosol 
inoculum for 10 test mice. The ADD of 
these mice was then determined. Col- 
lection of lungs was terminated at or 
near the ADD of each group. 

The rate of growth appears to be 
independent of the size of the original 
inoculum. This is indicated by the al- 
most parallel lines of the three independ- 
ent titration curves, particularly in 
the initial periods of observation. The 
1.0% and 0.1% inoculums indicated in 
figure 12 represent a tenfold difference 
in EB content. If the curve representing 
the 0.1% 
ward to the abscissa, the total virus 


inoculum is extended down- 
content of the 5 lungs at 2 days has a 
value of 10° EBC. This is approximately 
one-tenth the amount obtained for the 
1.0°% inoculum within the same period 
of time. On the 5th day after infection 
with the 0.1% the total 
EBC, as indicated in figure 12, is ap- 
proximately 310° EB. After the same 
interval of time, the lungs originally in- 


inoculum, 


fected with the 1.0°, inoculum contain 
a little less than 410° EB. This again 
indicates a tenfold difference between 
the virus content of the lungs in the 


Fic, 20-31, 
monitis virus infection 
Fic. 20-25. 
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two sets of animals. Therefore, virus 
grew at approximately the same rate 
despite the difference in the size of the 
infecting inoculum The slope of the 
curves in the same initial period sug- 


gests a near logarithmic rate of increase 
in virus content. However, as the ADD 
of each group of mice is approached, 


the growth of the virus, as represented 
by infectivity, appears to decelerate 
rapidly. 

A reduction of virus growth does 
occur, but not at the rate indicated by 
the infectivity titer. virus 
concentration beyond a certain limit 


Increasing 


effected only a small reduction in the 
ADD of the mice (Gogolak, 1953). The 
same result was obtained in measuring 
the growth rate of the virus in terms of 
both infectivity titer and EBC. This 
was done with the series of lung speci- 
mens obtained from mice exposed to 
the 0.2% suspension. Within the limits 
of the linear relationship established 
in the infectivity correlation studies, 
the titer and the EBC rise at the same 
rate as is indicated by the almost simi- 
lar slopes of the two curves. When the 
upper limits of the straight line rela- 
tionship are exceeded, the two curves 
diverge and virus increments beyond 
this point cause the ADD to approach 
a limiting value. Therefore, the infec- 
tivity titer observed in the terminal 
stages of infection is not representative 
of the true growth rate. 

The daily increment of virus from the 
time of the first total 
virus determination can be estimated. 
The total EBC of the 0.2% inoculum 


inoculation to 


+> 


Photomicrographs of the lungs showing stages in the recovery from murine pneu- 


Gross aspects of lung recovery as seen under low magnilication. The lung sections 


were taken from infected mice 12, 36, and 84 hours, 8, 12, and 16 days after inoculation of aureomycin. 


lhe infected sites gradually lose the heavy aggregations of leucocytes (denoted by the extremely dark 


areas) and become sharply demarcated from normal lung tissue. Residual lung lesions (fig. 24 and 25), 


which resemble shrunken lung parenchyma, are retained in the fully recovered animal. x 20. 
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was 210° EB, and each mouse in the 
exposed group retained an estimated 
total of 10‘ EB in its lungs (see Gogolak, 
1953). Since 5 mice were used in each 
determination, the total infecting dose 
must be counted as 5104 EB. On the 
5th day, the total EBC of 5 lungs from 
infected mice was 410° EB. This is 
equivalent to a 6-fold increase of virus 
per day. The growth rate of the virus 
in the first 48 hours of infection can be 
obtained from the series of mice inocu- 
lated with the 1.0° inoculum. This 
inoculum had a total EBC of 10° EB. 
Each mouse retained 5 X10* EB; 5 mice 
total of 2.5108 EB. The 
total virus concentration of the 5 lungs 


retained a 


as determined on the 2nd day of infec- 
tion by titration (ADD 10.3 days) was 
1.2*10° EB. Therefore, in 48 
there occurred a 5000-fold increase in 
virus content. This is roughly a 100-fold 
increase per day. A rapid decline in this 


hours 


initial growth rate must occur, since 
in the succeeding 48 hours i.e., from 
the 2nd to the 4th day, only a 5-fold 
increase was observed. 


DISCUSSION 


The cellular reactions of murine pneu- 


monitis have been described from the 
inception of the infection to the death 
of the animal and from the terminal 
stages of the disease to recovery. The 
order of appearance of the cellular ele- 
ments of blood and connective tissue 
follows, in general, the pattern of cellu- 
lar succession described for inflamma- 
(1927), 
Taliaferro and Mulligan (1937), and 


Maximov and Bloom (1948). The pre- 


tory processes by Maximow 


HE 


Fic. 26 
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liminary heterophil mobilization is not 
discernible until rupture of virus vesi- 
cles occurs at the completion of the first 
developmental cycle, 30 after 
the infection. This response may be 


hours 


incited by the normal tissue elements 
of the destroyed cell or by the products 
of virus metabolism. The fact that the 
virus was found in the early stages of 
the first developmental cycle unaccom- 
panied by any heterophil accumulation 
would indicate that the virus itself is 
not responsible for the reaction. How- 
ever, it was not possible, by aerosol 
within a like 
area even a small fraction of the virus 


inoculation, to impact 


concentration produced by the rupture 
of a single vesicle. Consequently, the 
possibility still exists that the pure virus 
in high concentrations may elicit the 
polymorphonuclear leucocyte response. 
The sources of these cells are the small 
proximal blood vessels and the septal 
capillaries. The heterophils showed no 
evidence of any phagocytic activity at 
any time in the infection. 

The appearance of the primary re- 
action at completion of the first develop- 
mental cycle can be correlated with the 
48 hours in mice 
inoculated by the intranasal method. 
A blanket infection of all the susceptible 


observed deaths in 


cells in the lung would result in similar 
heterophil aggregations within all the 
alveolar spaces and seriously impair 
respiration. 

The beginning foci of infection in- 
cluded the 
alveoli. 


macrophages similar to 


“dust” cells found in normal 
They were present in more than normal 


numbers. In the absence of any discern- 


Lung section at 12 hours after aureomycin inoculation, Lesion has the appearance of an 


active infection. 100. A. Center of the infection. 900. B. Periphery of infection. «900. 


Fic. 27. 


heavy aggregations of cells at the periphery. x 100 


Lung section 36 hours after the inoculation of aureomycin 


Infected site has lost the 
A. Periphery of infection. The remaining cells 


are primarily mononuclear. 900. B and C. Active phagocytosis of the dead heterophils found at the 


edges of infection. 900. 
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ible vascular mobilization of lympho- 
cytic cells at this time, these macro- 
phages might be assumed to be of local 
origin. With the exception of a few 
which were invaded by virus, the cyto- 
plasm of these cells was free of inclu- 
sions, suggesting their recent formation. 

On the 3rd day, mononuclear cells 
derived from neighboring blood vessels 
are found in great numbers in the foci 
of infection. All of the elements of the 
(Talia- 


ferro, 1949) are present in the older por- 


lymphoid-macrophage system 


tions of the inflamed area. Heterophils 
are seen in high concentration only in 
the periphery of the infection site. The 
progressive advance of the infection can 
be followed, therefore, by the position 
of the heterophil response. The con- 
tained nature of the whole lesion sug- 
gests that the dissemination of the virus 
the 
during 


proceeds slowly via contiguous 


the 
phases of the disease. This absence of 


alveolar passages early 
active dispersion of the virus has already 
been noted in the infectivity studies, in 
that the multiple infection of a single 
did 
the intensity of infection as measured 
by the ADD of the infected mice (Gogo- 
lak, 1953). In the later stages of infec- 
tion, the formation of a copious edema- 


site not increase proportionately 


tous exudate augments the method of 
distribution by transporting the virus 
through the larger lung passages. On 
the 4th day of infection, this exudate 
the 


described 


be observed in bronchioles 
As Karr 


consists predominantly of 


may 
and bronchi. by 
(1943), it 


heterophils with a few mononuclear cells. 


Fic, 28. 
Fic. 29 


cle reased 
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The confluence of the foci and the 
spread of the edematous fluid to the 
remaining functional alveoli mark the 
terminal stages of the infection and re- 
sult in a probable asphyxiation of the 
animal. Activity of an endotoxic com- 
ponent, as described by Rake and Jones 
(1944) for psittacosis and lymphogranu- 
loma virus, is not apparent in the pneu- 
monitis produced by the virus in ques- 
tion. The prolonged life of the mouse 
with heavy lung consolidation and the 
quick recovery from symptomatic signs 
of the disease following inactivation of 
the virus by aureomycin are more indic- 
ative death mechanical 
obstruction of respiration than 
toxic effect. 


of due to a 


to a 


The cessation of virus activity by the 
use of the antibiotic is followed by 
changes in the composition of the lung 
lesions. The absence of new infections 
in the peripheral areas is signified by 


the disappearance of the heterophils. 


The cells of the lymphoid-macrophage 


system are retained in the lesion and 


develop into free macrophages and 
plasma cells. It is not known whether 
they take part in the reconstruction of 
the destroyed alveolar septa, but their 
number within these sites gradually 
dwindles as recovery proceeds. The re- 
tained residual lesions have the appear- 
ance of compressed lung parenchyma 
in which normal capillary endothelium 
encloses alveoli of abnormally small 
area. These regions resemble one type 
of residual lesion described by Loosli 
(1949) as occurring in mice recovered 


from an influenza virus infection. Slow 


Infected site 60 hours after inoculation of aureomycin. 100. 
Infected site 12 days after inoculation of aureomycin. Cellular density of the area has 
x 100. A. An open network has developed in which is retained many mononuclear cells, 


mostly macrophages with a few plasma cells. «900. 


Fic. 30 and 31 


\ppearance of lesions at 16 days after inoculation of aureomycin. X 100. A. 


The 


lesions, as shown at higher magnification, have lost most of the macrophages. The walls forming the 
network resemble normal capillary endothelium. 900, 
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DAYS AFTER EXPOSURE TO VIRUS 
Fic. 32.—Growth rate of murine pneumonitis virus as measured by the infectivity titer (solid 
lines, left ordinate) and the elementary body content (dashed lines, right ordinate) of infected lungs 


collected on the indicated days after exposure to the virus inoculum. Three separate groups of mice 
were initially inoculated with 0.1, 0.2, and 1.0% suspensions of a standard virus pool. 


peripheral resolution may eventually in the mouse lung showed that the rate 
remove all traces of the infection from of reproduction was virtually independ- 
the lung. ent of the size of the inoculum. This was 

The study of the growth of the virus shown by comparing the total virus con- 
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tent in the lungs of mice infected with 
inoculums having a tenfold difference 
in EBC. The total content of virus ap- 
proaches a limiting value at or near the 
time of death of the animals, but with 
large infecting doses this maximum is 
reached in a proportionately shorter 
space of time. These characteristics of 
growth are similar to those observed 
by Horsfall and Ginsberg (1951) for 
the pneumonia virus of mice and by 
Ginsberg and Horsfall (1952) for in- 
fluenza virus. However, while PVM and 
influenza virus grow at a constant loga- 
rithmic rate, the virus of murine pneu- 
monitis appears to grow at a constantly 
the 
amount of virus retained in the respira- 


decelerating rate. Calculation of 
tory tree of the mouse by inhalation 
of the aerosol permitted an estimation 
of the relative growth rate of the virus 
during the initial period of infection. 
The data obtained by this procedure 
suggest that a tremendous increase in 
infectious units occurs at the completion 
of the first developmental cycle. This 
initial rate of increment is not main- 
tained, and the rate of growth decreases 
steadily until the maximum virus con- 
tent is reached. 

The growth rate of murine pneumo- 
nitis virus roughly parallels the spread 
of the infection in the mouse lung. The 
infectious processes, as seen in the lung 
sections, develop radially from the cen- 
ter of infection at a relatively slow 
rate, forming discrete lesions. The in- 
the disseminate 
rapidly from the nidus of infection may 


ability of virus to 
be a factor responsible for the decelera- 
tion of the growth rate, as continued 
reproduction is limited by the finite 
the 
the 
terminal stages of the disease, conflu- 


number of host cells available in 


immediate area of infection. In 
ence of the infected sites further reduces 


the number of lung cells susceptible 
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the increase of 
virus content proceeds at a still slower 
until the 
tained. 


to new infection and 


rate maximum value is at- 


SUMMARY 


The histopathology of murine pneu- 
monitis virus infection was investigated 
from the inception of the disease to its 


terminal stages. A definite pattern of 


cellular reaction was described, begin- 
ning with the initial inflammatory re- 
sponse to the presence of the virus up 
to the death of the animal. Recovery of 
the lung from the effects of the infection 
was studied with the aid of aureomycin, 
which inactivated the virus at the peak 
of lung consolidation. Complete resolu- 
tion of the lung was not obtained in 
as long as 6 weeks after administration 
of the antibiotic. 

The rate of growth of murine pneu- 
monitis virus in the mouse lung was 
independent of the size of the infecting 
inoculum. ‘Total 
limiting 


virus content ap- 
near the 


terminal stages of the infection. Com- 


proached a value 


parison of virus increments during suc- 
cessive stages of the infection indicated 
a constantly decelerating rate of growth. 
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THE CHEMOTHERAPY OF EXPERIMENTAL PLAGUE 
IN THE PRIMATE HOST 
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Successful therapy of experimental 
plague in mice, guinea pigs, and rats,'~* 
and of bubonic plague in man *~? was 
first attained with the sulfonamides. 
The failure of these compounds in the 
treatment of human pneumonic plague 
stimulated the search for more effective 
therapeutic agents. Streptomycin is 
very active against Pasteurella pestis in- 
vitro and rapidly curative in experimen- 
tal plague pneumonia of mice and 


guinea pigs.*-'° Furthermore, primary 
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pneumonic plague of humans responds 
dramatically to therapy with this anti- 
biotic when it is employed early in the 
course of the disease." Preliminary 
investigations by sevetal workers in- 
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to be some species and individual varia- 
tion in susceptibility to this disease, 
much of this work illustrates the marked 
similarity between human plague and 
that observed in certain species of 
monkeys, both as regards the bubonic 
and pneumonic forms of the disease. 
The purpose of the present experiments 
was twofold: (1) to study the patho- 
genesis of untreated disease in rhesus 
monkeys and (2) to evaluate modern 
antibiotics in 


the control of bubonic 
and pneumonic plague in this host. 


MATERIALS AND METHODS 


Infecting organism.—The organism used in all 
experiments was the highly virulent 195/P strain 
of Past. pestis obtained originally from the Haff- 
kine Institute in Bombay. Cultures grown on 
beef-heart infusion agar at 37 C for 48 hours 
were harvested in isotonic saline, appropriately 
diluted, and inoculated promptly. Total micro- 
scopic bacterial cell counts were performed on 
each preparation used for the inoculation of 
monkeys. Under the conditions of growth de- 
scribed, the proportion of viable cells varied be- 
tween 30 and 50% of the total count of such 
preparations. However, the number of living or- 
ganisms in each culture was determined by in- 
oculating blood agar plates with 0.4 ml of 10-fold 
dilutions of the original bacterial suspension. The 
195/P strain was inhibited in vitro by 3.0, 1.5, 
0.75 and 3.0 ug/ml of aureomycin, chlorampheni- 
col, terramycin and streptomycin, respectively, 
when the 50% end point technique was employed 
for assay. 

Infection patterns and method of study. 
Monkeys (Macacus rhesus) employed in this 
study varied in weight from 2.5 to 5.0 kg. Bu- 
bonic plague was produced in these monkeys by 
intracutaneous injection of Past. pestis. Since fa- 
tal infections are consistently produced only 
when large inoculums are used,” each animal was 
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injected into the skin of the anterior thorax 
with 0.5 ml of a bacterial suspension containing 
approximately 3 billion living plague bacilli. 
Pneumonic infection was established by the in- 
tratracheal instillation of 1 million to 100 million 
viable organisms administered by direct laryn- 
goscopy through a hard rubber catheter. 

Clinical observations were made on all ani- 
mals twice daily; these included pulse rate, 
respiratory rate, blood pressure, state of activity 
and eating habits. Rectal temperatures were 
taken at 6-hour intervals. In addition, the 
progress of the local lesions and the appearance 
of axillary buboes was noted carefully in the 
group whose infection was cutaneous in origin. 
Roentgenograms were obtained and frequent 
physical examinations of the chest were per- 
formed on monkeys infected by the respiratory 
route. 

In all instances, serial quantitative blood cul- 
tures were made at frequent intervals. For this 
purpose 0.5 ml of undiluted blood as well as 0.5 
ml of serial 10-fold dilutions were cultured on 
blood agar plates. Material from cutaneous lesions 
and buboes, and in monkeys with pneumonitis, 
material from nasal discharges and pharyngeal 
swabs was also cultured for Past. pestis. 

Hematologic studies included daily leukocyte 
counts, hemoglobin or hematocrit determina- 
tions, and sedimentation rates during the acute 
phases of the disease. Coagulation_time, bleeding 
time, clot retraction and the Rumpel-Leede test 
for capillary fragility were performed in some 
cases. Complement-fixing antibodies and ag- 
glutinins were measured in acute and convales- 
cent serums. For these serologic studies, the 
complement-fixation technique of Chen was 
employed, and a formalinized suspension of the 
195/P strain of Past. pestis was used in the ag- 
glutination test. 

Therapeutic methods. Monkeys used in this 
study were divided into groups of 10 to 15 ani- 
mals each. Each group contained 4 to 6 controls 
which were selected at the time therapy was in- 
stituted, usually at the 36th to 48th hour of 
obvious disease. Specific therapy with antibi- 
otics was purposely withheld until the disease 
process was firmly established and the animals 
displayed lethargy, tachycardia, and tachypnea. 
Actually, each animal in the bubonic group had 
bacteremia at the time antibiotics were first ad- 
ministered; similarly, those in the pneumonic 
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group had roentgenographic evidence of pneu- 
monitis. The antibiotics were administered in 
evenly divided doses at 6- or 8-hour intervals for 
a mean period of 4.5 days in those animals sur- 
viving the infection. Aureomycin was given in- 
travenously at the rate of 200 to 406 mg/day 
throughout the course of treatment. During the 
first 24 hours of therapy chloramphenicol and 
terramycin were administered intravenously in 
amounts of 0.5 to 1.0 g/day; subsequently this 
amount was given orally for the remainder of 
the course. Four hundred mg of streptomycin 
were given in 4 evenly divided doses daily. 

The effect of combined therapy, employing 
chloramphenicol and cortisone or hyperimmune 
serum, was determined in advanced cases cf bu- 
bonic plague. Cortisone therapy was instituted 
on the 44th hour of disease and administered in 
amounts of 50 mg at 12-hour intervals. The initial 
dose of chloramphenicol was given 24 hours later, 
at which time many of the animals were pro- 
foundly ill. Hyperimmune anti-plague rabbit 
globulin (Lederle) was given intravenously in 
doses of 2.5, 5.0 or 10 ml daily and hyperimmune 
monkey serum at the rate of 30 ml/day. These 
anti-plague preparations were given with or some 
hours before the institution of antibiotic therapy 
(see table 3). 


RESULTS 


Although several comprehensive 
studies of experimental plague in pri- 
mates have been reported previ- 
ously,"-*! the present work employs 
more extensive clinical and laboratory 
methods and has added information to 
the earlier descriptions. 

Observation on disease processes.— 
Evidence of active infection usually 
appeared within a few hours after plague 
bacilli were introduced intracutaneously. 
Six hours after the inoculation, ery- 
thema and edema could be seen over 
the site of injection (anterior thorax). 
During the following 12 hours, tender, 
enlarged axillary nodes appeared co- 
incident with the onset of fever. Fever 
was sustained and the average maxi- 
mum temperature varied between 40.6 
C and 41.0 C (fig. 1 to 4). The cutaneous 
lesion invariably spread to involve the 
anterior thorax and abdomen during the 
first 24 hours and was characteristically 


large, non tender and gelatinous. De- 
spite such evidence of constitutional 
disease, the animals remained active 
until fever had been present for 24 to 48 
hours, at which time they exhibited 
varying degrees of lechargy and refused 
food. The preterminal syndrome of 
tachypnea, profound lethargy, and hy- 
potension usually appeared on the 3rd 
day of disease. At this time petechiae 
and ecchymoses developed over the 
edematous cutaneous mass. Death oc- 
curred between the 60th and 84th hours 
of disease in most instances and was 
preceded by profound decline of body 
temperature and arterial pressure. 
After intratracheal instillation of 
Past. pestis, the monkeys were asympto- 
matic for 1 to 3 days; in general, the 
incubation period was shorter in the 
animals receiving 100 million organisms 
and longer in those given 1 million. 
Fever was the first indication of active 
infection; its onset was usually gradual 
and the temperature progressed to 40 
C or 41 C during the first 24 hours of 
disease. Roentgen evidence of pneu- 
monitis appeared soon after the onset of 
fever and was progressive (fig. 5 and 8). 
Fever persisted and tachypnea and 
cyanosis became evident during the 
2nd day of illness. The 3rd day was char- 
acterized by an increase in signs of 
respiratory distress, tachypnea and 
cyanosis becoming severe, and death of 
the untreated animals occurred, on the 
average, 4.5 days after the onset of 
fever. The paucity of physical signs of 
pneumonitis was conspicuous in the 
early phases of the disease, but as the 
process continued, suppression of breath 
sounds, impaired percussion, and the 
appearance of fine moist rales supported 
the roentgen diagnosis of pneumonitis. 
Cough was usually absent and when 
present was nonproductive. Large quan- 
tities of a watery, sanguinolent dis- 
charge often issued from the nostrils 
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Fic. 1.—Case no. 1, bubonic plague with septicemia in a monkey treated with aureomycin. 


immediately prior to the terminal phase Bacterial concentrations varied between 
of the illness. The profound terminal 100 and 100,000 bacilli/ml of whole 
hypotension observed consistently in blood by the 48th hour. In all instances, 
monkeys with fulminant septicemia was the bacteremia was rapidly progressive 
not encountered in this group. in the untreated animals and after 72 

Laboratory studies.—Bacteremia be- hours had usually assumed enormous 
came evident in the bubonic group 18 to proportions, i.e., 1 to 3 billion organ- 
36 hours after intracutaneous inocula- isms/ml. Smears of peripheral blood 
tion of plague bacilli (fig. 1 to 4). contained discernible bacilli only when 
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Case no. 8, monkey with bubonic plague and septicemia treated successfully with strepto- 
mycin, 
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Fic. 3.—Case no. 10, chloramphenicol treatment 
mycin. 


the concentration, as determined by 
culture, was 100,000 organisms/ml or 
greater. 

Although plague bacilli appeared in 
the blood of monkeys with pneumonia, 
the bacteremia encountered in this 
group was usually relatively mild (10 to 
10,000 bacilli/ml whole blood) and ap- 
peared late in the course of the disease 
(fig. 5 and 8). 

The isolation of Past. pestis from 
buboes was not difficult, whereas the 
recovery of plague bacilli from the 
upper respiratory tract was accom- 
plished only when sanguineous nasal 
exudates were available for culturing 
during the late stages of the disease. 

Leukocytosis was proportional to the 
severity of the bacteremia and during 
the terminal phases of the disease in the 
bubonic group, leukocyte counts of 
75,000 to 150,000/mm* were not un- 
common. There was a preponderance of 
polymorphonuclear cells. Phagocytosis 
of plague bacilli, even in the presence of 
fulminant bacteremia, was conspicu- 
ously absent. Marked leukocytosis was 
not seen in the pneumonic form of the 


of bubonic plague infection resistant to strepto- 


disease and in some instances leukocyte 
counts remained normal. Hemoglobin 
and hematocrit values remained nearly 
the same or declined, except in 10 of the 
untreated control group, in whom sig- 
nificant rises in hematocrit or hemo- 
globin were observed during the termi- 
nal period. Erythrocyte sedimentation 
rates were elevated during the active 
phases of the disease. The coagulation 
mechanism was not altered but in some 
instances, in the bubonic group, evi- 
dence of increased capillary fragility 
was obtained by the Rumpel-Leede 
test. 

Roentgen study of the lungs was by 
far the most satisfactory method of 
evaluating the progress of disease in the 
group with pneumonia (fig. 6and 7). An 
infiltration appeared in a portion of one 
lobe about the time of onset of fever and 
within the next 24 hours usually in- 
volved the entire lobe. The process 
invariably extended to involve addi- 
tional lobes of the same lung prior to 
death. In half of the fatal cases infec- 
tion spread to the opposite lung (fig. 8) 
The initial focus was located in the 
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right lower or middle lobe in 15 of the 
cases. Of the remaining 4 cases, 2 began 
in the left lower lobe and one in each of 
the upper lobes. Small pleural effusions, 
frequently encountered at 
were not diagnosed 
graphically. 

Therapeutic results.—In order to de- 
termine the precise limitations of the 
antibiotics under investigation, treat- 
ment was withheld until the disease 
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Case no. 15, bubonic plague successfully treated with chloramphenicol. 


process was well developed; as a conse- 
quence, some of the animals succumbed 
soon after the institution of specific 
therapy. 

Defervescence occurred rapidly in 
most of the cases, regardless of the even- 
tual outcome of the disease (see the 
illustrative charts). In the successfully 
treated group, the average duration of 
fever after the onset of treatment was 


20 hours, and these monkeys were 
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Case no. 17, clinical chart of monkey with plague pneumonia treated with chloramphenicol. 
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markedly improved after 48 hours of 
therapy as evidenced by alleviation of 
tachypnea, cyanosis, tachycardia, and 
lethargy and return to a normal state of 
activity and appetite. The local cutane- 
ous manifestations and enlargement of 
axillary lymph nodes were slow to sub- 
side but disappeared between the 6th 
and 15th day of disease. Pneumonitis, 
which had extended to involve 
than one lobe in half of the treated 
group, improved roentgenographically 
after the 4th or 5th day of therapy (fig. 
7). 

The initial bacteriological 
to therapy was rapid in most instances. 
Blood cultures were sterile after 24 
hours of treatment in 12 of 16 monkeys 
with bubonic plague and all of the 
monkeys with plague pneumonia which 


more 


response 


had displayed bacteremia. In several 
to 6 hours 
after the administration of the initial 


instances, blood drawn 3 
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dose of antibiotic contained few free 
bacilli and many of the leukocytes con- 
tained 4 or 5 organisms. Of the 4 animals 
with bubonic plague which succumbed, 
the blood of one was sterile at the time 
of death while the blood of the others 
5,000 to 980,000 organ- 
isms/ml (table 1, no. 4-7). It is of inter- 
est that all 4 of these monkeys which 
died had severe bacteremia (1,000,000 
bacilli or more/ml) at the time therapy 
was instituted; moreover, the 12 ani- 
mals which survived had from 5 to 
750,000 organisms/ml of blood when 
treatment was begun. Thus it would 
appear that in the presence of over- 
whelming infection in which bacteremia 
exceeds 1,000,000 organisms/ml, the 
ultimate outcome is death even though 
the specific antibiotic controls the bac- 


contained 


teremia to a greater or lesser degree. 


Although the severity of any bubonic 
infection could be judged by the extent 


PABLE 1.—Antibiotic therapy of primate plague. 


State of infection at 


reatme 
time of therapy Treatment 


Response to therapy 
Monkey 


no 


Type of 


Dure 
infection ‘ 


tion of 
tever 
in hr 


Blood 
culture 
negative 
in hr. 


Dura 
tion of 
fever 
in hr 


Bacteremia 
as Antibiotic 
organisms /ml 


Total 
dosage 
in g 


Result 


42 90 ,000 
36 10 
36 125 

130 ,000 ,000 


Aureomycin 0.9 20 
Aureomycin 0 24 
Aureomycin 0 12 
Aureomycin 3 1s itive at 


Recovered 
Recovered 
Recovered 
Died 18 hours 


120 ,000 ,000 Aureomycin 980 ,000 at 
death 
5 460 at 


death 


Died 12 hours 


146 ,000 ,000 Aureomycin Died 2.5 days 
20 ,000 ,000 
109 000 

28 

58 ,000 


Streptomycin 
Streptomycin 
Streptomycin 
Streptomycin 


Died 24 hours 
Recovered 
Recovered 
Resistant tu strep 
tomycin 
Recovered with 
chloramphenicol 
Recovered 
Recovered 
Recovered 
Recovered 
Recovered 
Recovered 


Bubonic 


Chloramphenicol 


20 Streptomycin 
125,000 hloramphenicol 
5 ‘hloramphenicol 
750 ,000 hloramphenicol 
40 ,000 hloramphenicol 
5 hloramphenicol 


10 hloramphenicol 
0 hloramphenicol 


Recovered 

Relapsed 17th day 
of disease 

Recovered 

Died 

Recovered 

Died 

Resistant to strep 
tomycin 

Died 6th day 

Died 1ith day 

Died 10th day 


o.. 4 
10,700 

115 ( 

120 0 

42 20 000 


hloramphenicol 
hloramphenicol 
hloramphenicol 
Streptomycin 
Streptomycin 


Pneumonic 


36 1,000 
42 130 


Terramycin 
Terramycin 
Controls: bubonic 


0 of 20 survived; pneumonic, 0 of 10 survived 
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Fic. 6. 
involvement of the right lung 


of the bacteremia, such was not the case 
in those animals whose infection origi- 
nated in the lungs. Three of these 
monkeys who appeared gravely ill at 


the beginning of therapy did not exhibit 


a bacteremia and one of this group 


ultimately succumbed to the pneumonia 
(table 1, no. 22). The remainder of the 
with demon- 


monkeys pneumonitis 


strated varying degrees of relatively 
mild bacteremia, even though some of 
these had extensive involvement of two 
or more lobes. Therefore, overwhelming 
infection may presumably be defined 
according to the degree of involvement 


of lung tissue and is not directly related 


Case no. 17, roentgenogram of chest (A-P) on the 6th day of disease, showing extensive 


to bacteremia when the infection is of 
pneumonic origin. 

The 
marized in table 2 and for the sake of 
comparison 
groups: (1) animals which 
completely, (2) 
cumbed after sterilization of body tis- 


results of treatment are sum- 


are divided into three 
recovered 
monkeys who suc- 
sues, and (3) cases in which antibiotics 
failed to effect a bacteriological cure. It 
is not possible to compare the relative 
merits of these antibiotics on the basis 
of this study but it would appear that 
aureomycin, chloramphenicol and strep- 
tomycin are effective in the control of 


bubonic plague and chloramphenicol in 
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FG. 7. 
marked clearing of the pneumonitis. 


the 
(table 2, group 1). Since streptomycin 


treatment of plague pneumonia 
has been used successfully in the ther- 
apy of man with plague pneumonia,":” 
further reference to its efficacy need not 
be made. There are various explana- 
tions for the 
countered in this study. The ultimate 


antibiotic failures en- 
outcome of the illness was death when 
therapy was withheld until the infection 
was overwhelming as previously de- 
fined. In these cases the multiplication 
of bacteria was controlled in varying 
degrees; some of the animals were found 
to be free of plague bacilli at the time 
of death (table 2, group 2), and others 
failed to demonstrate evidence of this 


IX PERIMENTAL 


PLAGUE 


, 


Case no, 17, roentgenogram of chest after 5 days of therapy with chloramphenicol showing 


degree of antibiotic activity and Past. 
pestis the blood 
(table 2, 


In addition, other problems 


was recovered from 


and/or lungs at autopsy 
group 3). 
were encountered for which this expla- 
nation did not suffice. Terramycin was 
employed in the treatment of two 
monkeys with plague pneumonia (table 
2, group 2). During the 4 days of ther- 
apy with this agent, there was rapid 
marked roentgen 


provement of the pneumonitis, and the 


defervescence, im- 


blood remained sterile. In spite of this 


both animals de- 
hypothermia 
weakness, refused all food, became 


prostrate and died on the 10th and 11th 


apparent recovery, 


veloped and profound 
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TABLE 2.—Antthiotic therapy of primate plague. 


Death time 


Antibiotic after therapy 


infection 


Bubonic 
Bubonic 
Bubonic 
Pneumonk 


Aureomycin 
Chloramphenicol 
Streptomycin 
Chloramphenicol 


Clinical and bacteriologi 
cai cure 


Bubonic 
Bacteriological cure with Pneumonic 
death Pneumonic 
Pneumonic 


Streptomycin 18s ihrs. 

Streptomycin 24 ~=«SOhrs 

Chloramphenicol 36s hrs 
erramycin 10.5 days 


Bubonic 
Pneumoni 
Pneumonic 


Aureomycin 24 ~=sohrs 
Chloramphenicol s 17 days 
Streptomycin 4.5 days 


Deaths without bacterio- 
logical cure 


(Mean day of 
death after 
onset) 
Bubonic 3.0 
Pneumonic 4.5 


Controls 


* Relapsed and died after good initial response 
? Relapse due to streptomycin-resistant Past. pestis 


day of disease (table 1, no. 24 and 25). 
At autopsy, the resolving areas of pneu- 
monitis were sterile. This phenomenon 
of protracted prostration was not ob- 
served in human cases, and since lower 
animals respond quickly to therapy 
with this antibiotic, "" it is possible 
that this reaction is limited to species 
or individuals. Relapses were observed 
in three instances during this study 
(table 1, no. 10, 18, 23). The initial re- 
sponse to therapy was excellent in all of 


these cases, and in one, the reappearance 
was not evident 
until 17 days after the initial illness. 
Evidence of reactivation of 


of active infection 
infection 
appeared 48 hours after the institution 
of streptomycin therapy in the other 
two. Streptomycin was continued as the 
sole antimicrobial agent in 
which ended fatally. Chloramphenicol 


one case 
was promptly substituted for strepto- 
mycin in the other and this animal 
survived (fig. 3). Streptomycin-resistant 





af 


Temp.in 40- 
degrees c. so! 


38 - 


7 


DEATH AT 47 at 





TS - 


Chioramphen — 0 | 
25 
° 


gms /day 





Roe ntgenograms 








AN 





Leukocytes/mm? 
Haematocrit 
Erythrocyte sed 








9,150 








Blood culture 

















Day of disease 2 

















Fic. 8. 


Case no. 20, graphic record of fatal case of pneumonic plague treated with chloramphenicol. 
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strains of Past. pestis were isolated from 
both of these monkeys; a concentration 
of 5000 ug/ml of this antibiotic was re- 
quired to inhibit their growth. 

In an effort to treat overwhelming in- 
fections successfully, cortisone or hyper- 
immune preparations were used in con- 
junction with chloramphenicol in the 
therapy of animals with severe bac- 
teremia. Chloramphenicol and cortisone 
were employed in the treatment of 5 
monkeys. Cortisone was administered 
on the 44th hour of disease and every 
12 hours thereafter to insure absorption 
of the hormone. This agent was without 
apparent effect on the disease, and when 
chloramphenicol was not added to this 
regimen until 20 hours later, the ani- 
mals succumbed (table 3). The addition 
of hyperimmune anti-plague globulin 
did not alter the fatal outcome of this 
illness when treatment was begun late 
in the course of the disease (table 3). On 
the contrary, sudden death followed the 
intravenous injection of concentrated 
globulin in 4 of 5 monkeys. This pre- 
cipitous death occurred several minutes 
after the injection and was associated 
with cyanosis, hypotension, and respira- 
tory distress; the reaction was con- 


Case no, 25, pneumonic plague treated with terramycin. This monkey succumbed on the 
11th day of disease after eradication of Past. pestis. 


sidered to be anaphylactic in nature. 
The phenomenon occurred only when 
severe bacteremia was present at the 
time of administration of globulin. 
Furthermore, subsequent studies re- 
vealed that the specimens of serum 
taken from each of these monkeys im- 
mediately prior to the injection of 
globulin contained demonstrable 
amounts (titers 1:16 to 1:64) of specific 
complement-fixing plague antigen. 
Thus, circulating antigen was present 
in large amounts at the time specific 
antibody was injected intravenously 
and could have been responsible for a 
reverse anaphylaxis. Hyperimmune rab- 
bit globulin or immune monkey serum 
was given to 10 other monkeys which 
had a slight or moderate bacteremia; 
none of these animals displayed any 
immediate untoward effects attributable 
to the serum. In the 3 animals in which 
one or the other of these preparations 
was employed at an early phase of the 
illness, i.e., 24 to 30 hours after the on- 
set of fever, the progression of the dis- 
ease was hindered and antibiotic was 
then employed with success even as late 
as the 168th hour of disease (table 3). 
Anti-plague globulin is effective in con- 
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Hour of 
disease 
instituted 


Mean 
total 
dosage 


Adjunct* 


Cortisone 185 mg 
Hyperimmunet 7 ml 
rabbit - 
globulin 65 ml 
Hyperimmune } 66 

monkey -_ - ————— 


serum ww 


Hyperimmune ft 24 
rabbit —_— 
globulin oO 
controls —___— 

1-4 days prior 

to infection 


* Cortisone-——Cortone Acetate, Merck & Co. 
Hyperimmune anti-plague preparations: 


Antibiotic 


TABLE 3.—Adjuncts in the antibiotic therapy of plague. 


Hour 
instituted 
after 
infection 


Mean hour 
of death 
after 
infecton 


Survived Died 


Chloramphenicol 64 84 


Chloramphenicol 


Chloramphenicol 


Chloramphenico) 


Chloramphenicol 


Concentrated rabbit globulin (Lederle), agglutinating titer, 1: 1280. 
Whole serum—repeatedly immunized monkeys—agglutinating titer, 1: 


trolling plague when given early in the 
disease without subsequent antibiotic 
therapy or when employed prophylac- 
tically; these observations are illu- 
strated by the control group in table 3 
and conform to the results of previous 
work of Meyer and coworkers." 
Antibody production.—Agglutinating 
and complement-fixing antibodies ap- 
peared during convalescence in the 
serums of monkeys which were suc- 
cessfully treated with antibiotics after 
developing either pneumonic or bubonic 
type infection. Maximum titers of both 
antibodies were reached between the 
10th and 20th day of disease, irrespec- 
tive of the type of infection. Agglutinin 
titers were consistently higher than the 
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Fic. 10.—Serologic response to plague infection 
in treated monkeys. 


complement-fixing antibody titers and 
both showed a definite decrease after 10 
weeks. The mean antibody pattern of 
15 monkeys (bubonic and pneumonic) 
is presented in figure 10. 


DISCUSSION 


The results of this study clearly 
demonstrate that the efficacy of any of 
the antibiotics under investigation is 
greatly influenced by the severity of the 
plague infection prior to the institu- 
tion of therapy. Moreover, these anti- 
biotics are effective in the treatment of 
plague in rhesus monkeys only when 
they are employed during the early 
phases of the disease. Extensive pneu- 
monitis or overwhelming bacteremia 
usually preclude the possibility of a 
favorable outcome, and animals with 
these manifestations succumb in spite 
of prompt control of bacterial growth 
by the antibiotic. The importance of 
early therapy has also been stressed in 
the treatment of human plague.* An- 
tibiotic failure is readily explained when 
death occurs soon after the onset of 
treatment since, in this instance, suf- 
ficient time has not elapsed for the anti- 
bacterial qualities of these drugs to be- 


come manifest. 


However, death of 
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certain animals following the steriliza- 
tion of their tissues would appear to 
indicate that factors other than living 
bacteria per se are involved. The role of 
plague toxin in the pathogenesis of this 
disease has been stressed increasingly 
of late.'*4. Saline extracts of virulent 
plague bacilli contain a toxic component 
possessing an LDso of 0.6 to 0.8 ug for 
20-g mice when it is administered in- 
travenously.* These factors suggested 
that plague toxin might play a major 
role in the death of those animals in 
whom the massive growth of bacteria 
has been controlled by antibiotic. 

While cortisone alleviates the toxic 


manifestations of typhoid fever,?7:** 


there is evidence that this hormone has 
a deleterious effect?* when administered 
in the presence of meningococcal endo- 
toxin. Cortisone was employed in com- 
bination with chloramphenicol in the 
therapy of advanced cases of simian 
plague bacteremia and was without any 


effect. Similarly, there was no discerni- 
ble beneficial effect following the use of 
chloramphenicol and hyperimmune 


24. Meyer, K. F. 1950, Immunity in plague: A 
critical consideration of some recent studies. 
J. Immunol. 64: 139-163. 

25. Smadel, J. E., Woodward, T. E., Amies, 
C. R. and Goodner, K. Antibiotics in the 
treatment of bubonic and pneumonic plague 
in man. Ann. N. Y. Acad. Sc. In press. 

. Baker, E. E., Sommer, H., Foster, L. E., 
Meyer, E. and Meyer, K. F. 1952, Studies on 
immunization against plague. I. The isolation 
and characterization of the soluble antigen of 
Pasteurella pestis. J. Immunol. 68: 131-145. 

. Smadel, J. E., Ley, H. L., Jr. and Diercks, 
F. H. 1951, Treatment of typhoid fever. I. 
Combined therapy with cortisone and chlor- 
amphenicol. Ann. Int. Med. 34: 1-9. 

. Woodward, T. E., Hall, H. E., Diaz-Ri- 
vera, R., Hightower, J. A., Martinez, E. and 
Parker, R. T. 195i, Treatment of typhoid 
fever. II. Control of clinical manifestations 
with cortisone. Ann. Int. Med. 34: 10-19. 

29. Thomas, L. and Good, R. A. 1952, The effect 
of cortisone on the Schwartzman reaction. 
J. Exper. Med. 95: 409-427. 
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anti-plague globulin when these agents 
were administered late in the course of 
the illness. Of greater importance, how- 
ever, is the observation that the intra- 
venous administration of hyperimmune 
globulin to very severely ill monkeys 
may be attended by sudden death. This 
presumably occurs only when intense 
bacteremia is present, since similar and 
larger quantities of globulin were given 
to uninfected monkeys and animals 
with mild bacteremia without any un- 
toward effects. The nature of this phe- 
nomenon was not unlike that of ana- 
phylaxis in monkeys described by other 
workers.**-® The demonstration of nu- 
merous bacteria and large quantities of 
soluble antigen in the blood of these 
animals suggests that this reaction 
might be one of reverse passive anaphy- 
laxis. 

The problem of drug fastness has 
existed since the introduction of anti- 
microbial agents, and examples of bac- 
terial resistance to streptomycin are 
well known.*-* In the course of these 
studies, 7 monkeys were exposed to 
streptomycin and 2 experienced a re- 
lapse caused by 
resistant Past. pestis. 


streptomycin- 
These strains 


30. Zinsser, H. 1920, Observations on anaphy- 
laxis in lower monkeys. Proc. Soc. Exper. 
Biol. & Med. 18: 57-66. 

. Kopeloff, N., Davidoff, L. and Kopeloff, L. 
1936, General and cerebral anaphylaxis in 
the monkey. J. Immunol. 30: 477-485. 

. Kopeloff, L. M. and Kopeloff, N. 1939, 
Anaphylaxis in the rhesus monkey. J. 'Im- 
munol, 36: 83-126. 

. Feldman, W. H., Karlson, A. G. and Hin- 
shaw, H. C. 1948, Streptomycin-resistant 
tubercle bacilli; effects of resistance on thera- 
peutic results in tuberculous guinea pigs. 
Am. Rev. Tuberc. 57: 162-174. 

. Alexander, H. and Leidy, G. 1947, Mode of 
action of streptomycin on type bH. influenzae; 
origin of resistant organisms. J. Exper. Med. 
85: 329-338. 

. Demerec, M. 1948, Origin of bacterial re- 
sistance to antibiotics. J. Bact. 56: 63-74. 
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quickly acquired a high degree of re- 
sistance to this antibiotic. Although one 
may not conclude that this complica- 
tion would occur at such a rate in larger 
populations, it is of sufficient gravity 
to warrant consideration as a major dis- 
advantage of streptomycin therapy in 
plague. Furthermore, the far reaching 
epidemiological implications of this 
phenomenon are obvious and stress the 
need for having available other anti- 
microbial agents effective in 
infection. 

Previous experience in the treatment 
of plague-infected mice with chloram- 
phenicol, aureomycin, and terramycin 
revealed the necessity of prolonged 
therapy in order to prevent relapses." 
Thus, relapses were not completely 
elirzinated until treatment with these 
antibiotics was extended to 10 days. By 
contrast, streptomycin was rapidly cur- 
ative, and in most instances 48 hours of 
therapy with this agent was sufficient. 
The study of relapses in monkeys is 
limited to a single case, in which the 
second episode appeared 17 days after 
the onset of the initial illness and 12 
days after the cessation of chloram- 
phenicol therapy. Since maximum anti- 
body levels are to be anticipated (fig. 10) 
at this time, it would appear that other 
factors are involved in the mechanism 
of immunity. The optimal course of 
therapy will vary from one animal to 
another; however, 5 days of treatment 
proved adequate for the majority of the 
successfully treated monkeys in this 
study. Since chloramphenicol, aureomy- 
cin, and terramycin are bacteriostatic at 
therapeutic concentrations, differences 
between their mode of action and that of 
streptomycin are to be expected. 

The appearance of agglutinins and 
complement-fixing antibodies in the 
serums of these monkeys during con- 
valescence indicates that the antigenic 


plague 
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stimulus even in promptly treated ani- 
mals is sufficient to elicit the production 
of some antibodies. Since recovery of 
untreated animals was not observed, 
the over-all effect of therapy on anti- 
body production is not known; however, 
the serological pattern observed in this 
series is comparable to the response ob- 
served in previously immunized mon- 
keys which recovered from a challenge 
infection.” 

Experience with streptomycin in the 
therapy of pneumonic plague in humans 
indicates that this antibiotic is rapidly 
curative when it is employed in the early 
phases of the disease." With the 
knowledge of their efficacy in the ther- 
apy of experimental plague infection, 
as evidenced by this and_ other 
studies," chloramphenicol and terra- 
mycin were used in the treatment of 
human patients with plague pneumo- 
nia. Dramatic responses were 
elicited with both of these antibiotics 
when treatment was instituted within 
the first 20 hours of disease. Similar re- 
sults have been obtained with the use of 
aureomycin in patients with bubonic 
plague.” 


SUMMARY 


1. Methods employed in the produc 
tion of bubonic and pneumonic plague 
in rhesus monkeys are outlined and the 
disease pictures produced are described 
in some detail. Overwhelming bactere- 
mia with protracted hypotension char 
acterized the terminal phases of the 
bubonic form of the disease, while 
rapidly progressive pneumonitis with 
varying degrees of bacteremia was the 


36. McCrumb, F. R., Jr., Mercier, S., Robic, J., 
Bouillat, M., Smadel, J. E., Woodward, T.E 
and Goodner, K. Chloramphenicol and terra- 
mycin in the treatment of pneumonic plague. 
Am. J. Med. in press. 





CHEMOTHERAPY OF EXPERIMENTAL PLAGUE 


main feature of the disease produced by 
intratracheal inoculation. 

2. The antibiotics chloramphenicol, 
aureomycin and streptomycin are effec- 


tive against bubonic or pneumonic in- 


fections in monkeys when therapy is 
instituted during the early phases of the 
disease. They are uniformly ineffective 
when employed in the late stages of the 
illness. 


3. The response of these late cases to 
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antibiotic therapy is not improved by 
the addition of cortisone or hyperim- 
mune serums. Furthermore, fatal ana- 
phylaxis accompanied the intravenous 
administration of concentrated rabbit 
globulin to severely ill monkeys. 

4. The emergence of streptomycin- 
resistant mutants of Pasteurella pestis 
was observed in two cases, one of which 
was successfully treated with chloram- 
phenicol. 
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In experiments designed to determine 
the effect of external factors such as X 
radiation on the production of precipi- 
tins, the natural animal to animal varia- 
tion in the degree of the immune re- 
sponse and in the time of the peak re- 
sponse! requires that several antibody 
bleedings be done on each of a large 
number of animals if significant results 
are to be obtained. In this type of ex- 
periment it is usually desirable to study 
the primary immune response, but the 
low concentrations of antibody obtained 
make impractical the use of the quanti- 
tative precipitin techniques requiring 
nitrogen determinations on the specific 
precipitate. This is true not only because 
of the time involved, but because the 
repeated removal of the large quantities 
of blood required for analyses produces 
unphysiological effects in the experi- 
mental animal. 

Eisen and Keston? have reported a 
method of measuring relative antibody 
concentrations in rabbit antiserums by 
determining the maximum amount of 
I'*!.labelled antigen that could be com- 
pletely precipitated by a given anti- 
serum. For example, if increasing 
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amounts of a labelled antigen are added 
to a constant volume of antiserum (as 
illustrated with a bovine y globulin 
(BGG)-anti-BGG system in fig. 1), es- 
sentially all the antigen is precipitated 
throughout the region of antibody ex- 
cess up to the antigen excess end of the 
equivalence zone. At this point marked 
E, in figure 1 antigen first remains in the 
supernatant, as indicated by a precipi- 
tate fraction (open circles) less than 1.0. 
Eisen and Keston found that the ratios 
between the E, of three antibovine 
serum albumin (BSA) serums were 
equal to the ratios between the antibody 
content of the serums, as determined by 
absorption of ultraviolent light by the 
dissolved specific precipitates. 

The principle of Eisen and Keston's 
method, with modification in detail 
only, has been used in this laboratory to 
analyze over 300 serums obtained in the 
study of the effect of X ray on antibody 
production.' For such an experiment, 
this method was found to have two 
distinct advantages over methods re- 
quiring nitrogen determinations on the 
specific precipitate. 

1. The method saves time. With the 
type of y counter used in this study, the 
amount of antigen in the specific pre- 
cipitate and in its supernatant may be 
measured in a matter of minutes. In 
addition, many of the procedures which 
are required for nitrogen analysis of the 
specific precipitate and are designed to 
remove nonspecific serum proteins from 
the precipitate may be eliminated when 
only the labelled antigen is counted. 

2. The method requires very little 
serum. Although all methods which 
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Precipitation of I*BGG with anti-BGG. At E, antigen first remains in excess in the super- 


nate, as indicated by a precipitate fraction less than 1.0. Ps and Py indicate the amounts of antigen 
precipitating at the points of 80% and 40% antigen precipitation, respectively. 


depend on the precipitation of the anti- 
gen-antibody aggregate are limited by 
the solubility of the aggregate, the ex- 
treme sensitivity of the labelled antigen 
determinations permits the measure- 
ment of the antigen in the precipitate 
with smaller amounts of serum than are 
required for nitrogen determinations. 
An obvious objection to the use of 
labelled antigen alone is that it does not 
provide a measurement of the weight of 
antibody of a _ serum. the 
method described here measures the 
ability of the antiserum to perform a 
given function, in this case to precipi- 
tate antigen. The situation is analogous 
to the measurement of diptheria anti- 
toxin by the amount of toxin which may 
be neutralized. Although both the 
neutralization of toxin by antitoxin 
and the precipitation of antigen by 
precipitin depend on the combining 
properties of the antibody** as well as 
on the concentration of antibody in 
weight units, this fact does not in any 


Instead 


3. Heidelberger, M., Treffers, H. P. 
Mayer, M. 1940, J. Exper. Med. 71: 271. 

. Jerne, N. K. 1952, Acta path. et microbiol. 
Scandinav. Suppl. 87. 


and 


way lessen the value of these measure- 
ments to the biologist. 

The purposes of this report are: (a) 
to describe in detail the method of anti- 
body determination used, (b) to dem- 
onstrate the degree of correlation ob- 
tained between precipitation of labelled 
antigen as determined by radioactivity 
counts and the analysis of antibody N 
in the precipitate, as determined by the 
Markham modification of the micro 
Kjeldahl procedure, and (c) to illustrate 
the effect of time interval after the 
initial injection of antigen on the slope 
of the antigen precipitation curve. 


MATERIALS AND METHODS 


Antigens.—The antigens used were bovine ¥ 
globulin (BGG), Armour's fraction II, lot no. 
C904, which was shown to consist of 98% y 
globulin by electrophoretic analysis; crystalline 
bovine serum albumin (BSA) Armour'’s lot no. 
20; and egg albumin (Ea) prepared by the meth- 
od of Kekwick and Cannan and recrystallized 
five times. 

Labelling of antigens —BGG and BSA were 
trace iodinated in 0.2 M carbonate buffer, pH 


5. Kekwick, R. A. and Cannan, R. K. 1936, 
Biochem. J. 30: 232. 
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10, according to the method reported previously.* 
Aqueous solutions of Ea were prepared for 
iodination by dialyzing against 0.2 M sodium bi- 
carbonate for 24 hours, the pH brought to 11.0 
by the careful addition of 0.1 N sodium hy- 
droxide at 4 C, and the I, solution, containing 
the I'*'-label, added immediately. The labelled 
Ea (I*Ea) was dialyzed against refrigerated 
running tap water for at least 3 days, following 
which any denatured albumin was removed at 
the isoelectric point by adjusting the pH to 4.6 
with dilute hydrochloric acid, and centrifuging. 
The increased uptake of I! obtained at this high 
pH more than compensated for the loss of Ea by 
denaturation. The radioactivity in the I*Ea, 
after removal of the denatured Ea, was more 
than 99% precipitable by antiserums to native 
Ea. 

Antiserums.—All antiserums were obtained 
from male albino rabbits. In general three meth- 
ods of immunization were employed: 

1. A single intravenous injection was made of 
either the labelled or unlabelled antigen dissolved 
in 0.85 per cent saline. The injection dose was 
30 mg BGG and 15 mg BSA per kg body weight. 
Antiserums were obtained 10 days after the 
BGG injections and 12 to 15 days following the 
BSA injections. 

2. Alum precipitated BGG, BSA or Ea were 
prepared and injected intravenously in courses 
of 16 injections similar to that outlined by Heidel- 
berger and Kendall.’ Rabbits were usually bled 
7 days after the last injection. 

3.) Water in oil emulsions containing BGG and 
Ea were prepared in a Waring blender with 10 
parts saline solution of antigen, 1 part arlacel C* 
and 9 parts Bayol F.* One ml of emulsion con- 
taining 100 mg antigen was injected subcutane- 
ously into each rabbit. 

Precipitin technique.—Whenever _ it 
planned to analyze the precipitate for nitrogen 


was 


content the quantitative immunochemical pro- 
cedures developed by Heidelberger, Kendall, and 
coworkers'® were followed in detail with one ex- 
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ception. Labelled antigen solutions were added to 
the serum in volumes of less than 0.1 ml with 
uncalibrated pipettes, and the amount added 
was calculated from the sum of the radioactivity 
counts of the precipitate and supernatant (see 
Calculations). When the method was first tried, 
calibrated pipettes were used to measure both 
the antigen and antiserum. Akthough the random 
error from counting was found to be slightly 
greater than that caused by expert pipetting, 
this fact was more than counterbalanced by the 
loss in precipitation due to the increased volume 
of reaction necessary when calibrated pipettes 
are used to measure the antigen. Serum was meas- 
ured with calibrated pipettes in a volume ad- 
justed to give between 60 and 200 ug N in the 
precipitate. The nitrogen content of the precipi- 
tate was analyzed by the Markham modification 
of the micro Kjeldahl procedure." 

When only radioactivity counts of the precipi- 
tate were contemplated, certain modifications 
were made in the procedure as follows: 

1. Antiserums were not routinely recentri- 
fuged before using. The serums had been sep- 
arated initially by centrifugation in the cold at 
2000 r.p.m., and were stored in a deep freeze 
until analyzed, but always contained a slight 
sediment. Although the sediment itself, being 
could not interfere with the 
determinations, nonspecific ad- 
sorption of the labelled antigen would result in 
increased counts in the precipitate. For this 
reason, control tubes were set up with each batch 
of antiserums containing normal rabbit serum 
and antigen. Although many different control 
serums were used, the amount of antigen found 
in the precipitate of the control tube was never 
greater than 2% and usually less than 1% of the 
antigen added. Although no correction was made 
for this in the calculations, this control should 
not be omitted as it provides a check on non- 
specific adsorption and precipitation of the anti- 
gen. 


nonradioactive, 
radioactivity 


2. The same volume of serum, 0.5 ml, was 
used in all analyses regardless of the concentra- 
tion of precipitin which ranged from not detect- 
able (below 1 ug antibody N/ml) to several mg 
antibody N/ml. Because of the great sensitivity 
in the measurement of the labelled antigen, the 
limiting factors in determining labelled antigen 
precipitation lie not in the amount of precipitate 
but rather in (a) the solubility of the antigen- 
antibody aggregate, and (b) the smallest volume 
of serum which can be measured with reasonable 
accuracy. We have routinely used 0.5 ml aliquots 


11. Markham, R. 1942, Biochem. |. 36: 790. 
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of serum in each tube, but the method could be 
adapted to smaller volumes. 

3. Specific precipitates were washed only once 
for the radioactivity measurements, since pre- 
liminary experiments revealed that a second 
washing contained less than 1% of the radioac- 
tivity of the supernatant. 

In practice a preliminary test was made by 
adding to a single 0.5 ml aliquot of each serum 
an amount of antigen estimated to give definite 
antigen excess (10 to 100 yg antigen N). The 
tubes were mixed and incubated for 30 minutes at 
37 C, mixed and refrigerated overnight and then 
centrifuged in the cold at 2000 r.p.m. for 3C 
minutes. The supernatants were decanted and 
the tubes drained carefully. The two fractions of 
each serum (supernatant and precipitate) were 
counted separately. If all the antigen was precipi- 
tated in the first preliminary test, a second test 
was run using 5 to 10 times as much antigen. If 
all the antigen remained in the supernatant, this 
was due to either (a) total absence of precipitin 
in the original serum, or (b) the presence of so 
little antibody that the amount of antigen pre- 
liminarily added was already in considerable ex- 
cess. The latter possibility was tested by reducing 
the amount of antigen added to as little as 0.5 
to 1 wg N. Only slight increase in sensitivity was 
obtained by using 0.1 wg antigen N per 0.5 ml 
serum. 

Final determinations were made with 4 to 6 
accurately measured 0.5 ml aliquots of each serum 
and varying amounts of antigen extending over 
the region of antigen excess as indicated by the 
results of the preliminary tests (see Calculations). 
Final 
manner as the preliminaries except that the tubes 
were kept at least 2 days in the refrigerator 
(during which time the precipitates were re- 
suspended twice a day) and the precipitate was 
washed once with 1 ml of cold 0.85% saline. The 
washing was added to the tube containing the 
corresponding supernatant. 


determinations were done in the same 


Calculations.—After centrifugation, the 
(a) the 


cipitate dissolved in dilute sodium hydroxide 


two 
fractions of each determination, pre- 
and (b) the supernatant plus washing, were ana- 
lyzed for antigen by counting in a well-type y 
counter.* When the precipitate was to be ana- 
lyzed for nitrogen content, it was transferred to 
the 10 ml Pyrex micro Kjeldahl flask before 
counting.t In this way the identical sample was 


* The y counter was kindly loaned to this 
laboratory by the Co., Bellaire, Tex. 
Similar counters are now available commercially 


from the Welch Allyn Co., Auburn, N. Y. 


Texas 
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analyzed for both nitrogen and labelled antigen. 
Each count was corrected for background and 
coincidence and the amount of antigen contained 
in each tube calculated by comparison with the 
count obtained on a similar volume of standard 
antigen solution of known nitrogen content. 


Thus: 


K 
and So=C.X— (1) 

Ck 
where Po, So and K are the amounts of antigen 
in the precipitate, supernatant and standard 
tubes expressed as wg antigen N and C,, C, and 

C, are the respective corrected counts. 
Since the antigen originally added should equal 
the sum of that contained in the two fractions, 

it follows that 


gat ete (2) 
V 

where A is wg antigen N added per ml of serum 

and V is the volume of serum used in ml. 

The antigen calculated to be in the precipitate 
was then corrected to a volume of 1 ml and for 
the fraction of radioactivity in the antigen prep- 
aration found not precipitable by strong anti- 
serums in the region of antibody excess. 

Thus: 

Dp 
A. (3) 


P=—— 
oXb 


where P is wg antigen N precipitated per ml 
serum, and ¢ is the fraction of radioactivity spe- 
cifically precipitable. Preparations of antigens 
with @ below 0.95 were not considered satisfac- 
tory for use. 
It follows that: 
> 
PP = (4) 
A 


where P.F. is the precipitate fraction. 

rhe wg antigen N precipitated per ml of serum 
(P in formula 3) and the precipitate fraction 
(P.F. in formula 4) were then plotted against the 
ug antigen N added per ml serum (A in formula 
2). It was found more convenient to plot A on a 
logarithmic scale, as illustrated in figure 2. The 
results from 3 serums obtained 10 days after 
single injection of BGG are shown. The precipi- 
tate fraction on the vertical coordinate is plotted 


t The use of a well-type y counter makes it 
possible to count the precipitate either in the 
original precipitin tube or after transferring to 
the Kjeldahl flask. For technical reasons inap- 
propriately discussed here it was found prefer- 
able to do the counting in the Kjeldahl flask, 
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Fic. 2. 
added is plotted on logarithmic and linear scales. 


against wg antigen N added expressed on a 
logarithmic (upper half) and linear scale (lower 
half). When wg antigen N added is represented on 
a linear scale, the slopes of the resulting curves 
vary with the strength of the antiserum, whereas 
when a logarithmic scale is used the curves are 
roughly parallel. In general, serums drawn at the 
same time interval following a uniform injection 
of antigen were found to have approximately 
parallel curves. The advantage of this situation 
is illustrated by the broken curve drawn through 
the single point X. Once the average slope of the 
antigen precipitation curve is known for any an- 
tigen-antibody time-dose system, such an ap- 
proximation may be projected through any point 
in the region of moderate antigen excess, e.g., 
the result of the single preliminary determination. 
Thus, the single preliminary test gives not only 
an estimate of antibody concentration but also 
indicates the range over which final determina- 
tions should be set up. 

Eisen and Keston previously suggested that 
the antigen excess end of the equivalence zone 
could be used as a measure of relative antibody 
concentration. Figure 1 illustrates that this is 
not always precise, due to the turning of the 
precipitate fraction curve as it approaches the 


Comparison of the precipitate fraction curves formed with 3 antiserums when the antigen 


line of 100% antigen precipitation. For example, 
one might select the point where a trace of anti- 
gen first appears in the supernatant,'* but the 
result would depend on how one measured a 
trace. As illustrated in figure 5, antigen precipi- 
tation is probably never 100% complete, and the 
maximum percent of precipitation is dependent 
on the concentration of antibody. We have 
therefore selected as a measure of relative anti- 
body content the amount of antigen precipitated 
by 1 ml of antiserum at the point of 80% antigen 
precipitation, hereafter referred to as Pg (see 
fig. 1). Since the point of 80% precipitation is on 
the relatively straight portion of the precipitate 
fraction curve, it may be determined rather pre- 
cisely if values above and below this point are 
known (cf. reason for using the unit of 50% 
hemolysis as a measure of complement activity.) 
An added advantage to using the Po is that the 
antibody precipitating at this point is rarely sig- 
nificantly below maximum,'® and consequently 
the ratio precipitin N/Pso is essentially the 


12. Culbertson, J. T. 1932, J. Immunol. 23: 439. 
13. Wadsworth, A., Maltaner, E. and Mal- 
taner, F. 1931, J. Immunol. 21: 313. 
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ratio of antibody N/antigen N precipitating in 
the zone of moderate antigen excess. 

It should be emphasized that the choice of the 
point of 80% antigen precipitation is completely 
arbitrary. Some other point such as the point of 
90% precipitation might be used. However, 
with some serums points above 80% antigen pre- 
cipitation cannot be determined precisely due to 
the turning of the curve as it approaches 100% 
precipitation, while points below 80% precipita- 
tion involve the additional variable factor of in- 
hibition. This last point is illustrated by the re- 
sults in table 2, which are discussed in detail 
below. 


RESULTS AND DISCUSSION 


A. Correlation between nitrogen and 
radioactivity determinations 


1. Analysis of supernatants for anti- 
gen.—As reported by Eisen and Keston? 
and others," trace labelling of antigen 
with I"! does not alter the quantitative 
precipitin curve produced with anti- 
serums to the native antigen. We have 
confirmed these findings and also the 
reverse situation. Thus, labelled and 


unlabelled antigens gave identical pre- 


14. Singer, S. J. and Campbell, D. H. 
J. Am. Chem. Soc. 74: 1794. 


1982, 
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cipitin curves with antiserums to la- 
belled antigen as well as with antiser- 
ums to the unlabelled antigen. 

The fact that for a given antiserum 
identical precipitation is produced by 
the addition of labelled and unlabelled 
antigen does not prove that selective 
precipitation does not occur in the pres- 
ence of a mixture of the two antigens. 
This question is considered to be of some 
importance because trace-labelled anti- 
gens contain both labelled and un- 
labelled molecules and vhe analysis of 
both supernatants and precipitates for 
antigen on the basis of radioactivity 
counts would be invalid if selective pre- 
cipitation did occur with such an anti- 
gen. In order to answer this question, 
supernatants obtained in the region of 
antigen excess were analyzed for antigen 
on the basis of radioactivity counts and 
by nitrogen determinations on the pre- 
cipitates formed with a calibrated anti- 
serum. The results of this experiment 
are given in table 1 and figure 3 for both 
the BGG and BSA systems. The rather 
large error (up to 47%) obtained with 
small amounts of antigen is probably an 
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Correlation between the analysis of supernates obtained with excess antigen by radio- 


activity counts and by precipitation with a calibrated antiserum. 
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TABLE 1.—Comparison of the analysis of supernates 
for antigen by radioactivity determinations and 
by nitrogen determinations of precipitates 
formed with a calibrated antiserum. 


wg antigen N in super- 


Precipitate nate on basis of: 


fraction 


Radio- Calibrated 
activity antiserum 


Serum 


& 


Anti-I*BGG 91 
401-404 0 


.89 
401-404 .70 
401-404 77 
401-404 86 
401-404 69 
401-404 .78 
401-404 .70 
401-404 87 
401-404 


— = 


DeRDONLORER® ALNBOORS 


Anti-BSA 
558 


URNDRCARU® KHeWHRAQRWONE 


ws 


experimental error in the results ob- 
tained with the calibrated antiserum, 
since these determinations were done at 
the lower range of accuracy of the 
Markham method (20 ug. N) and, in 
addition, involved corrections for vol- 
ume and the reading from the calibrated 
curve. 

The absence of a significant or con- 
sistent difference in the results obtained 
by the two methods indicates that sig- 
nificant selective precipitation does not 
occur in the presence of a mixture of 
labelled and unlabelled antigen mole- 
cules. 

2. Precipitin N and Po.—Heidel- 
berger and Kendall’ demonstrated that 
with an anti-Ea serum maximum anti- 
body precipitation occurred when 5 to 
10°% of the antigen added remained in 
the supernatant. However, 
even with this easily inhibited system 
only slight inhibition of precipitation 
(approximately 5%) occurred when 
there was a 20% excess of antigen. Since 
maximum or nearly maximum antibody 
precipitation occurs at the point of 80% 
antigen precipitation, for any serum, 
the ratio of maximum precipitable anti- 


excess in 
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body N to the Po (labelled antigen N 
precipitated at the point of 80% antigen 
precipitation) is essentially the ratio of 
antibody to antigen in the precipitate 
formed at that point. 

Experimentally determined values for 
precipitin N, Pg, and the ratio precipi- 
tin N/P po are given in table 2 for various 
anti-BGG, arti-BSA, and anti-EA ser- 
ums. These show satisfactory agreement 
with previously reported ratios of anti- 
body N/antigen N_ in _ precipitates 
formed in the region of moderate anti- 
gen excess.?* Two types of anti-BGG 
serums were studied—that obtained 10 
days after a single intravenous injection 
of the antigen in saline and that ob- 
tained 164 days after an injection of the 
antigen in oil adjuvant. There was no 
significant difference between the two 
groups in the precipitin N/Pxo ratios 
obtained. 

The approximately 25% animal to 
animal variation in precipitin N/P 0 
ratios is in keeping with previously re- 
ported variations in antibody/antigen 
and indicates the extent to 
which the biological function (Pg) does 
not correlate with the single chemical 
function of weight. The advantage of 
using the Pg rather than a lower point 
such as P49 as the measure of antibody 
is illustrated in table 2. While the pre- 
cipitin N/Pso ratios show only the 
animal to animal variation, the pre- 
cipitin N/P4 ratios show, in addition, 
a highly significant variation between 
two groups of animals. This variation is 
due to differences in the ease with which 
precipitation is inhibited and is dis- 
cussed in more detail in the next section. 


ratios,’ 


B. Effect of time after initial injection of 
antigen on the slope of the antigen 
precipitation curve 


Although the antibody found 10 days 
following the primary injection of BGG 
in saline showed essentially the same 
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TABLE 2.- 


Days 
following 
first 
injection 


Serum 
no. 


Antigen and mode of 
immunization 


573D 
§74D 
$75D 
577D 
578D 
579D 
580D 
582D 


10 
10 
10 
10 
10 
10 
10 
10 


Single intravenous injection of 30 
mg/kg I1*BGG in saline 


Mean and standard deviation 


340D 
341D 
342D 
$43D 


Subcutaneous injection 


100 mg 
BGG in oil adjuvant 


Mean and standard deviation 
558 16 intravenous injections of alum 
562 


precipitated BSA 
Mean 


FK-5 


(1-40) 16 intravenous injections alum 
25-119 J 


precipitated Ea 


Mean 


Comparison of 


precipitin N, Pso and Py. 
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~ 


D serums were decomplemented with 50 we N of an Ea-anti-Ea specific precipitate per ml of antiserum 
Results are expressed as ug antigen N or antibody N precipitated per ml of antiserum. 


PN is precipitin nitrogen. 


precipitin N/ Po ratio as that found 164 
days after an injection of BGG in oil 
adjuvant, striking differences in the re- 
sults obtained with these two types of 
antibody were found when the slopes of 
the antigen precipitation curves were 
compared. These differences are illus- 
trated in figure 4. Inspection of the two 
precipitate fraction curves (open circles) 


LV. 10 DAYS 





Pp 
40 
L3? 
Pao” 


PRECIPITATE FRACTION © 





a 


reveals that the late antibody produced 
a steeper curve. The significance of this 
change in slope is illustrated by com- 
paring the amount of antigen actually 
precipitated (solid circles) at two points 
on the curve. Here it is seen that while 
precipitation of antigen is increasing 
with the early antibody between the 
points of 80% and 40° precipitation, 
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it is decreasing with the late antibody. 
This difference in the rate at which pre- 
cipitation is inhibited by excess antigen 
may be expressed mathematically by an 
inhibition ratio, which is definited here 
as the ratio of the amounts of antigen 
precipitating at the points of 40% and 
80% antigen precipitation (Po/P so). 
The smaller this ratio, the more rapidly 
inhibition of precipitation occurs be- 
tween these two points. 

Table 3 and 4 list some experimen- 
tally determined values of Pyo/ Po ratios 
obtained with antiserums to BGG, 
BSA, and EA. These results bear out 
the statement made under Calculations 
that serums obtained at the same time 
interval following a uniform injection of 
antigen yield antigen precipitate frac- 
tion curves which are approximately 
TABLE 3. 

initial 


Antigen and mode of 
immunization 


Single intravenous inejction 30/mg/kg 
1* BGG 


Mean and standard deviation 


Subcutaneous injection of 100 mg BGG 
in oil adjuvant 


Mean and standard deviation 


Intramuscular and subcutaneous injec- 
tion of 100 mg Ea in oil adjuvant 


Mean and standard deviation 


Intramuscular and subcutaneous injec- 
tion of 100 mg Ea in oil adjuvant 


766 


Mean and standard deviation 
FK-S (1-40) 
5-199 16 intravenous injections of alum pre- 
cipitated Ea 


2 
1 
3 


6 
0 


Mean and standard deviation 
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parallel (in this case indicated by similar 
P4o/Pso ratios). The effect of the size of 
the injection dose and the method of im- 
munization has not been studied. The 
most important factor governing the 
change in inhibition ratio appears to be 
time, since with all three antigens used 
in these experiments the first antibody 
obtained after the initial injection gave 
consistently higher Pyo/Pso ratios than 
antibody obtained later. This was true 
whether the injections were made in ad- 
juvant or in saline. The change in 
Pyo/Pso ratio following a single intra- 
venous injection of I*BSA occurred 
after all I*BSA as measured by radio- 
activity counts had been eliminated 
from the blood. 

The development of antibodies to any 
impurities in the BGG or BSA prepara- 


Inhibition ratios obtained with BGG and Ea antiserums at various time intervals after the 


injection. 


Days 
following 
first 
injection 


10 


NOCH RROe 


8440.05 


.06 
96 
.04 
.00 
1.09 


03 + .0S5 


81 
85 
64 
74 
73 


75 +0.08 


.76 
.76 
74 
72 


0 
0. 


0.74+0.02 


D serums were decomplemented with 50 ug N of an Ea-anti-Ea specific precipitate per ml of antiserum. 
Results are expressed as ug antigen N precipitated per ml of antiserum. 
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TABLE 4.—Effect of time after injection on the inhibition ratio. 


Antigen and mode of 
immunization 
Injection of 100 mg BGG 

in oil adjuvant 


Single intravenous injec- 
tion of 15 mg/kg 1*BSA 


Days following 
first injection 


Pie/Poe 


- 
meme ne | Aen 


Results are expressed as ug antigen N precipitated per ml! of antiserum. 
* Diluted 1:10 in normal rabbit serum. Results in this case are expressed as wg antigen N precipitated per ml of diluted 


antiserum. 


tions used might tend to flatten out the 
precipitation curves in the antigen ex- 
cess zones. Since such an antibody 
would undoubtedly be more prominent 
in the later antiserums, the steeper 
curves produced by the late antiserums 
cannot be attributed to the presence of 
impurities in the antigen. 

Before concluding that the changes in 
the inhibition ratio reported in tables 3 
and 4 were due to real differences in the 
quality of the antibody, two other fac- 
tors which might artificially affect this 
ratio were studied, namely, the effects 
of dilution and the presence of comple- 
ment. These experiments were done in 
two ways. First, antiserums were ana- 
lyzed before and after decomplementing 
with an unrelated specific precipitate 
(table 5; details of decomplementing are 
given in a previous paper"). Secondly, 
15. Maurer, P. H. and Talmage, D. W. 1953, J. 

Immunol. 70: 135. 


antiserums were diluted with saline and 
with untreated and decomplemented 
normal rabbit serum and the antigen 
precipitated by the undiluted and dilu- 
ted antiserums compared (fig. 5, 6, 7 
and table 6). All the results reported 
have been corrected to give the antigen 
precipitated per ml of undiluted anti- 
serum. 

The results of these experiments in- 
dicate that at least with rabbit anti- 
serums removal of complement and an 
increase in volume have similar effects 
namely, a decrease in the amount of 
antigen precipitated by the same anti- 
body. Since both of these effects were 
most marked at low concentrations of 
antibody, it seems likely that they are 
related to the solubility of the antigen- 
antibody aggregate. 

Figures 5, 6 and 7 indicate that not 
only the Px but the entire antigen pre- 
cipitation curve is shifted to the left by 


TABLE 5.—Effect of decomplementing on the inhibition ratio. 


Days 

following 
rst 

injection 

575 10 

a One intravenous injection rs 

~ z 
$82 30 mg/kg I*BGG in saline 10 
581 


Serum Method of immunization 


— 400 r whole body X radia- 
569 tion 6 hours before single 
572 intravenous injection of 30 
572 mg/kg I*BGG in saline 


Untreated Decomplemented 


Po Pu/Poe 


‘00 


Results are expressed as ug antigen N precipitated per ml of antiserum. 
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TABLE 6. 


Days after 
first 
injection 


Antigen and mode of 
immunization 


Serum 


3-51-11 


One intravenous injection 10 
pool 


30 mg/kg I*BGG in saline 


1-23-199 


16 intravenous injections 
pool 


alum precipitated BGG 


1 Indiluted 2 


Effect of dilution on the inhibition ratio. 


Dilution 


Undiluted 
1:5 in 0.85% saline 
1:5 in normal rabbit 


serum 
1:20 in 0.85% saline 


1:4 in 0.85% saline 
1:16 in 0.85% saline 


Results are expressed as ug antigen N precipitated per ml of undiluted antiserum. 


dilution and/or removal of complement. 
Since the amount of this shift varied 
from serum to serum, no standard cor- 
rection for it has been devised. Further 
experiments to clarify this point are in 
progress." 

Despite the rather striking changes 
in antigen precipitation that occurred 
following dilution and removal of com- 
plement, the resulting antigen precipi- 
tate fraction curves remained relatively 
parallel, except with antibody concen- 
trations below 10 ywe N/ml, where a 
definite flattening of the precipitate 
fraction curve is evident. For this reason 
the concentration of antibody in two 
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o 
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serums should be of the same order when 
the P4o/Pso ratios are compared. 

Following the injection of BGG in oil 
adjuvant into 4 rabbits antibody con- 
centrations remained nearly level for 
many months, thus eliminating any 
effect of concentration. The first anti- 
body formed gave Pyo/Pso ratios con- 
sistently above 1.15, whereas with the 
late antibody the ratios were 0.90 or 
below (table 4). 

After the single intravenous injection 
of I*BSA in saline into 4 rabbits, the 
antibody concentrations reached maxi- 
mum values around day 12, and then 
fell to levels approximately one-tenth 
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Dilution of anti-BSA serum 5581. This figure illustrates that precipitation of the antigen 


is incomplete even in the region of extreme antibody excess when the antibody is diluted. The pair 
of curves which begin in the upper left corner represent the precipitate fraction (left hand ordinate) ; 
the pair of curves beginning in the lower left corner represent the ug antigen N precipitated (right hand 


ordinate). 
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\ntigen precipitate fraction curves from an undiluted antiserum obtained 139 days after 


the injection of BGG in oil adjuvant and from the same serum diluted in saline and normal rabbit 
serum decomplemented with 50 wg Ea-anti-Ea precipitate per ml of serum. 


the maximum before levelling off. The 
late antiserums (days 44 to 64) gave 
Pyo/Pso ratios between 0.70 and 0.80, 
while a 1:10 dilution of the day 12 anti- 
serums in normal rabbit serum yielded 
inhibition ratios consistently above 1.10. 
Table 4 lists the results obtained from 
multiple bleedings of one animal re- 
ceiving BGG in oil adjuvant and one 


100 


animal receiving BSA in saline. 

Since the consistent drop in Pyo/Pso 
ratio which occurred with increase in 
time interval from the initial injection 
of antigen cannot be explained by 
changes in concentration of antibody or 
complement, it would seem reasonable 
to attribute these differences to a real 
change in the quality of the antibody, 
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Antigen precipitate fraction curves from an undiluted antiserum obtained 10 days after 


injection of BGG in saline, and from the same serum diluted in saline, in untreated normal rabbit 


serum and in normal rabbit serum decomplemented once and three times with 50 ug/ml specific 
precipitate. 
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possibly avidity. Although objections 
have been made to the use of the term 
avidity with types of antibody other 
than the antitoxin," nevertheless, 
Jerne,‘ working with the diphtheria 
toxin-antitoxin system, has recently 
ascribed changes in the slope of the 
toxin neutralization curve to avidity. 
Heidelberger and Kendall'’ explained 
the flatness of the cross reaction curve 
and lack of inhibition of precipitation 
found with EA-anti-Dye-Ea system in a 
similar way by postulating a high dis- 
sociation constant. It would seem likely 
that a similar theoretical treatment 
could explain the changes in P4o/Pso 
ratio reported here. 

The dilution of the 3—51-1 pool as 
given in table 5 illustrates the weakness 
of any method of antibody determina- 
tion which depends on the precipitation 
of the antibody-antigen aggregate. The 
amount of antigen precipitated by the 
undiluted antiserum was more than 6 
times that precipitated by the same 
serum diluted 20 times with saline. 
When the diluted antigen-antibody 
mixtures stood 6 days in the refrigerator 
instead of 2, there was no increase in 
the amount of antigen precipitated, in- 
dicating that precipitation was com- 
plete. Although under the conditions 
used in this study a fair degree of corre- 
lation was found between the precipitin 
N content of a serum and the amount 
of antigen N precipitable at a given 
point (Po), it is evident that neither 
can be considered as measuring the total 
antibody content of weak antiserums. 
Some method of separating the soluble 
antigen-antibody aggregates formed in 
dilute solutions would greatly increase 
the sensitivity of precipitin determina- 
tions, since with tracer techniques it is 
possible to measure less than 0.001 yg. 
of antigen nitrogen. 


16. Barr, M. 1951, J. Path. & Bact. 63: 557. 
17. Heidelberger, M. and Kendall, F. E. 1934, 
J. Exper. Med. 59: 519. 
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SUMMARY 


A modification of the labelled antigen 
precipitation method of Eisen and 
Keston has been used to measure the 
antigen precipitating ability of anti- 
serums to bovine y globulin, bovine 
serum albumin and egg albumin. The re- 
sults have been compared with those 
obtained by nitrogen analyses of the 
specific precipitate. The concentration 
of antibody was expressed in terms of 
ug of antigen nitrogen precipitated per 
ml of serum at the point of 80% antigen 
precipitation. 

A semilogarithmic plot of the fraction 
of antigen precipitated versus yg anti- 
gen added per ml serum gives a curve 
the slope of which reflects the ease with 
which precipitation is inhibited by ex- 
cess antigen. The slope of this curve was 
found to vary with time after the initial 
injection but remained relatively con- 
stant for any individual serum despite 
dilution in saline or normal serum. These 
differences in inhibition of precipitation 
are thought to reflect a basic quality of 
the antibody, possibly its avidity. 

The sensitivity of the method, like 
that of any precipitin method, is limited 
by the solubility of the antigen-antibody 
aggregate. The advantages of this 
method are: (a) it consumes only 2 to 3 
ml of serum and the same technique is 
used regardless of antibody concentra- 
tion; (b) many of the procedures re- 
quired for nitrogen analysis of the pre- 
cipitate may be eliminated, such as de- 
complementation and recentrifugation 
of antiserums before use; additional 
time is saved because only one washing 
of the precipitate is required, and be- 
cause the actual radioactivity determi- 
nations are extremely simple; and (c) 
it provides results which may be used 
as a measure of antibody content or, 
when desirable, serve as a guide for 
quantitative precipitin nitrogen deter- 
minations. 
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